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SPACE SHUTTLE MAIN ENGINE

DIGITAL CONTROLLER

by

WALTER T. MITCHELL

Assistant Chief Engineer for Controller

and Electro-Mechanical Controls for the
Space Shuttle Main Engine

NASA MSFC

Marshall Space Flight Center, EE21

Alabama 35812 USA

SUMMARY

The controller, which is an electronic package mounted on the SSME, operates in conjunction with

engine sensors, valves, actuators, and spark igniters to provide a self-contained system for engine
control, checkout, and monitoring.

The controller provides responsive control of engine thrust and mixture ratio through the digital
computer in the controller, updating the instructions to the engine contro' elements 50 times 2r second
(every 20 milliseconds). Additionally, precise engine performance is acl.ieved through closed-loop control,
utilizing 16-bit computation, 10-bit input/output resolution, and self calibrating analog-to-digital
conversiou. Engine reliability is enhanced by a dual redundant control system that allows normal operation
after the first failure and a fail-safe shutdown after a second failure.

The digital computer is programmable, allowing modification of engine control -ations and constants
by change of the stored program (software).

The controller is packaged in a sealed, pressurized chassis with cooling provided by convection heat
transfer through pin fins as part of the main chassis. The electronics are distributed on functional
modules having special provisions for thermal and vibrational protection.

PREFACE

The Space Shuttle Main Engine is a reusable, high performance, Liquid Hydrogen/Oxygen, rocket engine,
designed and produced by the Rocketdyne Division of Rockwell International under contract with the Marshall
Space Flight Center. Three of these engines dre utilized per Space Shuttle and are mounted in a

clustered configuration on the aft end of the orbiter. The engines are started and reach 91% thrust before
the two Solid Rocket Boosters are ignited and .ehiclc lift-off occurs. After approximately 2-1/2 minutes,
the Solid Rocket Boosters burn out, are jettisoned, and the SSME is the sole source of thrust for an
additional ix minutes until the vehicle almost achieves orbital altitude and velocity. At this point,
the SSME's are shutdown and the large propellant tank (External Tank) is jettisoned from the orbital vehicle.
The three SME's then dump the residual propellant left in the orbiter feed lines. Subsequent to the

propellant dump, the SSME's are turned off and are no longer used during that orbital flight or re-entry.
In order to meet mission acceleration requirements, the engine thrust is variable in 1% increments, as
commanded by the orbiter, from 65% to 109% of rated thrunt 470,A,0 pounds (2,090,660 Newtons). The
engine burn time is a mission dependdnt variable. Nominal burn L4e is approximately 8.5 minutes, but
could be extended to as long as 13.7 minutes in the event of certal abort profiles.

Basically, the engine system is composed of two liquid oxygen tur, 'umps (low pressure and high
pressure), two liquid hydrogen turonpumps (low pressure and high prebsureJ main combustion chamber,
nozzle and a control system (Figure 1).

Each of the two high pressure turbopumps is powered by a separate preburner. lui taged-combustion cycle
burns low mixture ratio propellants in the preburner first. The resulting hydrogen rice ;ases in turn
drive the high p-essure turbopumps and are then routed to the -,,ain combustion chamber where the remaining
oxygen is provided and the final thrust producing combustion ib achieved.

Thrust control is achieved by adjusting the power available to the high prez ure oxidizer pump.
This is accomplished by modulation of the oxidizer preburner oxidizer valve. Sin,:larly, mixture ratio
of 6.0 (OF) is maintained by modulation of the fuel preburner oxidizer valve which adjusts the power
available to the hi~n pressure fuel pump. In addition to these two preburner valves three other
pcopellant valves (main fuel, main oxidizer, and chamber coolant) are position scheduled as a functionIof thrust level to provide proper propellant flow during engine start, mainstage, and shutdown operations.
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FIGURE 1

CONTROL SYSTEM

A fast response control system is necessary in order to accomplish throttle control and to maintain
engine mixture ratio balance over the entire throttle range. Additional requirements for the control system
include providing repeatable start and shutdown operations, capability to monitor engine operating condition,
and manage engine component redundancy during flight. This control system, utilizing special software
modules, also performs self contained engine pre-launch checkout. rhe control system is implemented
as a fully programmable digital system. This provides the flexibility and ease of change needed during
engine R&D phases as well as the autonomy and adaptablility required when fully operational. The
programmable digital computer and associated interface electrorics is called the controller. The
controller receives data for real time processing from sensors (temperature, pressure, speed, flow, position)
spark igniters, and five hydraulically actuated and electronically managed propellant valves. The
combination of a digital computer, data generating devices, and responding propellant valve actuators, and
solenoids for open/close functions make up tha control system for the SSME. The control system has full
authority over the operation/performance management of the engine. All logic neceseary for the control
system to meet its requirements is contained in the flight operational software program. In order to obtain
the necessary fast response, , major cycle processing time of 20 milliseconds is established. Thus, all
engine control, monitor and redundancy management functions are accomplished 50 times per second.

Since a digital computer is used on tne engine, the interface and interaction between the orbiter
vehicle and the engine is a command/response and data providing activity. For example, to achieve an
engine start, the orbiter need only give the eugine a single command - "start", The controller acknow-
ledges receipt of the command and then accomplishes the complex task of igniting the engine and controlling
it up to 100% thrust within the required 3.9 seconds, all without farther involvement from the orbiter.

There are two distinct engine operating modes th, t are regulated and monitored by the controller and
its oftwaie. rhere is a ground checkout mode and a flight operational mode. The software is stLuctured
such that basic executive, control, and monitor logic is resident at all times and individual separately
loadec. overlay modules are used for the various engine tests performed during the ground checkout mode.
A single flight module overlay is required for the flight operational mode.
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GROUND CHECKOUT MODE

Ground checkout of the engine is accomplished through 6 separate software modules. Each checkout
module is self-contained and is designed to perform an automatic checkout of an engine functional

subsystem. Each checkout mou.ule, once loaded and initiated, automatically proceeds either to a
successful conclusion, or I, unsuccessful, data is provided to the ground which isolates the fault
to a line replaceable unit. Functional subsystems checked automatically Include, the controller,
sensors, propellant valve actuators, pneumatic solencid and check valve, spark ignitor, and all
inter-connecting electrical harnesses.

In addition to the specialized checkout modules a Flight Readiness Test module (FRT) is also
provided. This module allows simulation of the engine's flight mode. All operational flight commands
are accepted and the engine performance is simulated such that a high fidelity orbiter/vehicle mission
simulation can he performed.

OPERATIONAL MODE

The flight operational mode consists of 5 phases, start preparation, start, mainstage, shutdown,

and post shutdown.

Start Preparation Phase - The engine system is conditioned for start during this phase. Upon
orbiter command, the controller sequences, regulates, monitors the fuel and oxidizer system purges
which inert and dry the engine prior to admitting propellants. Propellants are then admitted to the
engine and are-recirculated to ensure proper engine thermal conditioning prior to start. The
controller monitors the engine operational readiness and provides an "engine ready" signal to the
orbiter when all conditions are acceptable for an engine start. The "engine ready" includes require-
ments su-h as fuel and oxidizer temperatures and pressures are within acceptable ranges, hydraulic
and pnemiatic pressure within limits, controller self-test satisfactory, propellant and pneumatic

valves in qtart position, etc..

Start Phase - The controller will accept a start command from the orbiter only if the "engine
ready" conditions are satisiicd -it the time of command receipt, The start sequence is composed of,
first, an open-loop and then a closed-loop control mode. During the open-loop mode the spark igniters
in each of the three combustion chambers are energized and the propellant valves are time sequenced in
order to achieve ignition in the proper sequence of the fuel and oxidizer preburners and the main
combustion chamber. Closed-loop control is initiated at 0.6 seconds in the start. Initial power
buildup of approximately 20% rated thrust is accomplished within 2.35 seconds. During this time
period, the c~ntroller monitors selected engine performance parameters to ensure proper ignition,
acceleration of the high pressure turbopumps, and thrust buildup. Should these parameters not
achieve specified values, the controller will automatically shut the engine down. When the final

ignition confirmation of 20% thrust level is successfully accomplished at 2.35 seconds, the controller

regulates power buildup such that 100% thrust level is achieved by approximately 3.9 seconds.

Mainstage Phase - The engine performance is regulated by two inter-related closed-loop control
systems; one for thrust and the other mixture ratio (Figure 2). Engine operating thrust is sensed
by measuring the main combustion chamber pressure. The value is compared against the orbiter commanded
thrust and the resultant error signal is used to determine a position command for the oxidizer pre-
burner oxidizer valve. These computations are performed 50 times per second (every 20 milliseconds)
and the valve position adjusted as needed to maintain thrust performance within specified limits. The
controller will accept commands to adjust engine thrust from the orbiter in 1% increments from 65% to
109% rated thrust with a maximum thrust rate of change of 10% per second.

Engine mixture ratio is maintained in a similar manner at a constant 6.0. The mixture ratio is
computed (50 times per second) from measurements of fuel flow, propellant temperature and pressure,
and main combustion chamber pressure. The computer mixture ratio is compared to the required 6.0.
The error signal, compensated by current thrust level, is used to position the fuel preburner oxidizer
valve. An important aspect provided by the closed-loop feedback control system Js that control
precision is not affected by shifts in engine component operating characteristics such as caused by

wear or thermal effects. Control precision depends only on sensor calibration and main combustion
chamber calibration. Each sensor is individually calibrated and the calibration data is stored in
the controller software; therefore, all measured data is properly calibration compensated prior to use
in the control equations. Main combustion chamber calibration is obcained during engine acceptance
test firings and this data is also used in solution of the control equation. Once the engine is calibrated,
the calibration is maintained by the closed-loop control system. Sensor replacements can be accommodated
without requiring an engine iecalibration firing by updating the software with the calibration constants
for the new sensor.

Shutdown Phase - Shutdown may be entered from any engine operating point including, as previously
discussed, start. In normal mission operation the orbiter will throttle the engine to 65% thrust for
approximately 10 seconds and then command shutdown just prior to orbit insertion. The shutdown sequence
is an open-loop mode and consists of time dependent position schedules for the five propellant valves.
The valve schedules are modified as a function of actual position at time of shutdown initiation so that
thrust decay ratet and engine operating temperatures are maintained with allowable limits. During the
final portion of shutdown, selected purging is accomplished. Purge initiation timing is dependent on

engine power level at shutdown.

The controller also has software and hardware logic to select a special pheumatically driven

shutdown sequence in the event certain failures occur which prevent hydraulic poqition control of the
propellant valves. This shutdown mode is achieved by the controller deactivating the hydraulic actuators

servovalve controls and a pneumatic control solenoid. This establishcs a pneumatic circuit w ich performs

a sequenced closing of the propellant valves.
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FIGURE 2

Pont-Shutdown Phase - After engine shutdown the orbiter separatea from the "External Tank".

Propellanr restiduals trapped in the feed lines in the orbiter are then separately exhausted through the

engines. The engine's sequencing and pruging to perform thic propellant dump is regulated and monitored

by the controller upon command from the orbiter.

ENGINE LIMIT ONITORING AND) REDUNDANCY MANAGEMENT

In order to protect the orbiter from a catastrophic engine malfunction selected engine parameters

are monitored by the controller. Redline limits are set into the software and compared against actual

measured values 50 times a second. Should the redline criteria for a parameter be met, the controller

will, if enabled by the orbiter, shut the engine down, The redline criteria for a parameter includes
not only a maximum allowable value but also the number of consecutive readings (20 milliseconds apart)
the parameter must exceed the maximum allowable value. The number of consecutive readings set in the

'I software is normally three; thus, a parameter must "strike" above redline values three consecutive times

(3strikes) before an engine shutdown is initiated. This "strike" criteria implemented into the software
helps ensure that the condition observed is truly a malfunction and not the result of a temporary operating

anomaly or momentary data error. As previously stated, e.xceedance of an engine redline wlll

result in an engine shutdown only if enabled by the orbiter. Since the engines operate totally independent

of each other, the decision to enable or inhibit shutdown is vested in the orbiter as it may be necessary,

for vehicle and crew safety reasons, to continue operation of an engine above redline limit.

' The control system is a dual redundant hardware mechanization in order to provide fail operational!

fail safe capability. A large part of the flight operational software is devoted to failure detection

and management of the dual redundant hardware. The details of this redundancy and itt. management will be

discussed later.

One aspect of the redundancy management is to provide for a degraded or "lock-up" mode of engine

~operation in the event of concurrent failure of a performance control parameter.

For example, an electronic lock-up mode is entered in event of total loss of the main combustion

~chamber presaure parameter. The thrust and mixture ratio controls loops can no longer be implemented

since they ,"epend on the measured value of the main combustion chamber pressure. The controller notifies

~the orbiter and enters a lock-up mode in which it will no longer accept thrust change comman~ds, deactivates

~the thrust and mixture ratio control loops and maintains the propellant values at their last command

i position. This allowb the engine to continue to produce thrust although its performance may degrade.

" A



The engine will continue to operate in this mode for the remainder of the mission or until a redline
condition is detected by the controller. The other "lock-up" mode (hyiraulic lock-up) will be entered
when the controller determned that both electronic sero control channels of a hydraulic actuator have

failed. The controller would deactivate the actuator which allows hydraulic pressure to equalize on both
sides of the actuator. This causes the actuator to hydraulically lock the propellant valve at its current

: position. The engine will continue to operate in this mode until the system drifts and a redline is

exceeded or a shutdown is commanded. The shutdown will be accomplished by the previously discussed
pneumatic mode since hydraulic control can no longer be effected.

HARWARE MECHANIZATION

All critical electrical hardware components are redundant in order to provide fail operational/
fail safe capability. A basic design requirement is thaL there shall be no electrical single-point failure

' which will result in loss of controller function, engine shutdown, or an unsafe operating condition. The

system is shown scliematically in Figure 3. The mechanization is such that all elements, eitier sensing or
control, which are utilized in engine readiness determination, performance control or limit monitoring
are dual redundant.

CONTROL SYSTEM ORGANIZATiON

IGNITERS

CONTROL
SENSORS

DATACONTRODS

SENSORS

N1I Io-T COMPUTER

IOERC

ELECTRONICS

INPUT jOUTPUT

S/ ELECTRONICS DIGITAL ELECTRONICS
COMPUTER

! -__
I POWER
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1 I CONTROLLER ELECTRONIC

POWER BUS I
L.

FIGURE 3

The controller, which Is designed and manufactured by Honeywell, Incorporated, is an integral

electronics package and is mounted directly on the engine thrust chamber. The engine subjects the

controller to a very hostile vibro-acoustic and thermal environment. Air temperature surrounding the
controller will vary, depending on engine operating phase, from +95 degrees F to -55 degrees F, while
atmospheric pressure varies from ground ambient to the near vacuum of space. An acoustic impingment
of 160 db is encountered just after vehicle lift-off. The vibration environment as depicted in Figure 4
is presented throughout the engine burn time. The controller is required to operate within this environment
for 55 missions.

In order to minimize vibration input, the controller is mounted to the engine at four points through
elastomeric vibration isolators. These isolators greatly reduce the vibration input to the controller
as can be seen in the dashed curve of Figure 4.
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The controller electronics are mounted on conventional printed circuit cards. The printed circuit

cards are retained in the controller chassis by a rigid foam packaging system which further isolates the
electronics from the vibro-acoustic environment. In this packaging system (Figure 5), the chassis is
divided into cavities each of which accepts two cards. Each card has an open foam grid attached to the
component mounting side and a foam half wedge attached to the back side. The cards are retained in the
chassis cavity by loading a foam wedge between the two cards. This provides for very tight card retention
as well as isolation from vibration transmitted through the chassis and detunes the printed circuit
card/chassis structure system. The foam grids, which are in contact with b lh the printed circuit cards
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and the chassis walls, have an aluminum foil surface which provides heat transfer from the electronics

parts. Cooling is accomplished by convective heat transfer through the chassis. Additional surface

area is obtained by extensive use of pin fins machined into the chassis. The controller chassis is

hermetically sealed and pressurized.

PRINTED CIRCUIT BOARD RETENTION DESIGN

FOAM WEDGE
(LOADING DEVICE

P.C. BOARD

MULLION
(FOIL WRAPPED

FOAM WEDGE FOAM)

(AFFIXED TO P.C. BOARD
FIGURE 5

A functional block diagrran of the controller ir shown in Fligure 6. The controller is dual reir4 ,iant
with internal cross-strapping to naxirize the probability of successfully completing a mtssion In the
event of an internal failure. It consists of five major subassemblies each of which are dual redundant.

Digital Computer - The Digital Computer has a memory capacity of 16,384 words, is fnkliy program-
mable, and has a memory cycle time of 1 . The memory storage element is 2 mil plated wire. Each word
is 17-hits long including a parity bit. Even parity is required for each iemory read.

The central processor provides a full set of algebraic, logical and input/output control instruc-
tions. The addressing scheme allows both direct and multi-level indirect address modification.

Computer Interface Electronics - The Computer Interface Electronics (CIE) interfaces the computer
to the input and output electronics, and provides the command and data interface with the orbiter. It
mechanizes a Direct Memory Access capability which operates on a memory cycle steal basis and completely
refreshes all input data in computer memory every 20 milliseconds with minimum software intervention.

Input Electronics - All interface between the controller and the engine sensors is provided by
the input electronics. Temperature and pressure measurements are accomplished through resistor bridge
circuits. There is a separate bridge circuit for each temperature and pressure sensor all of which are
multiplexed and read by a single 10-bit analog-to-digital converter. Pump speed and fluid flow trans-
ducers generate a pulse train of which the frequency is velocity aependent. The controller reads these
measurements by determining time between consecutive pulses. The input electronics provides the capability
to stimulate each sensor to determine its functional status during ground checkout. Analog parameters
from the output electronics and the power supplies are routed to the input electronics fcr self test
purposes.Data flow of the critical engine sensors is such that one element of a redundant pair is routed
to the channel A input electronics and the other element is routed to channel B. Iis arrangement allows
continued access to all engine critical parameters even in the event of a total failure of one of the
input electronics channels.
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Output Electronics - The output electronics interfaces the controller with the propellant valye
actuators, the spark ignitors, and the pneumatic on/off solenoids. A single digital to analog converter
is multiplexed to five sample and hold circuits, each of which provides position command to a propellant-
valve actuator servovalve. Each actuator has a primary and secondary servovalve which is selectable by
controller discrete output. Discrete output drivers are provided to control each pneumatic solenoid
and spark igniter.

Power Supply - All engine electrical power passes through and is managed by the controller. The
orbiter supplies the controller with 115 VRMS, 3 phase 400 hz, power which the controller converts into
the various dc voltage levels required for operation. The two power suppliers are completely separate,
one for each controller channel. Each power supply is furnished power from a separate source in the
orbiter. With this arrangement, loss of a single electrical power bus or controller power supply does
not affect engine operation. Total loan of electrical power will result in the pressure-ladder
sequenced pneumatic engine shutdown previously discussed.

REDUNDANCY MANAGEMENT AND FAILURE DETECTION

The normal operating mode for the controller (Figure 6) is with the channel A computer in control,
input data being accessed through hoth channel A and B input electronics and output control through
output electronics channe± A. The channel B computer is operating in a ready stand-by-state in order
to assure imediate control in the event of a failure of the channel A coMputer.

CONTROLLER FUNCTIONAL ORGANIZATION

DIGITAL COMPUTER

OUTPUT
INPUT COMPUTER ELECTRONICS
ELECTRONICS INTERFACE

ELECTRONICS

POWER SUPPLY I

POWER SUPPLY I tc _I _ ___________o _______u _______
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INPUT . INTERFACE ELECTRONICS

ELECTRONICS ELECTRONICS

71

S DIGITAL COMPUTER"'

CHANNEL B - NORMAL OPERATION

-- ,. REDUNDANCY MANAGEMENT OPTIONS

FIGURL6
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The same software is resident in both computers. The channel B computer, when not in charge, is
able to track the operation of the channel A computer since it also receives the orbiter commands and the
same input data as the channel A computer. There is minimum electrical interface between the two computers
in order to ensure that no single point failure exists which could cause failure of both computers.

The channel B computer is prevented from taking charge by a "Watch Dog Timer" (WDT). This device
consists of a set of electronic timers which must be reset in the correct sequence each software major
cycle (20 milliseconds). Should the channel A computer not properly perform this function, the WDT will
timeout, thus placing the channel B computer in charge. The channel B computer also has a set of Watch
Dog Timers which if not properly managed will halt the computer.

The software can manege the WDT only if the computer self test is successfully executed. This self
test is in the-form of a sample problem which exercises all the computer instructions and parity detection
capability. The self tefc is extpijted every major cycle (20 milliseconds).

The controller has "built-in test equipment" (BITE) points that are sampled by the software such that
the full operational status of the controller is verified every 20 milliseconds. Should a fault be detected,
the software ceases using the failed element and activates the redundant element.

For example, should the address decoder in the channel A output electronics fail an echo check the
software effects an immediate retry. Should this also fail, the channel A output electronics would be
declared failed, control would be switched to output electronics channel B, and engine operation would
continue, unaffected by the controller electronics failure. The failure of the output electronics
would be reported to the orbiter so that it would be known that repair of the controller will be required
when the mission is completed.

The controller also provides for failure detection of the elements of the control system external
to the controller. Where possible, the controller interfacing electronics is designed such that the most
probable failure mode of a device (usually an open or a short circuit) causes an unreasonable value to be
read for this device. The software logic detects this out of specification "strike" and does not utilize
the input from that device for the current computation cycle. Should this device strike 3 consecutive
times it will be declared failed and permanently disqualified. In normal operation the outputs of a dual
redundant pair are averaged to provide the parameter data. In the event of a failure of one element,
the parameter data is still available from the other element and engine operation continues unaffected.
As previously discussed, degraded engine operating modes are provided by the controller/software in the
event of total failure of a critical performance parameter.

CONTROL SYSTEM INTEGRATION

The SSME control system just described is a complex hardware/software system. Extensive analysis
and testing has been necessary in order to develon and verifv the control system hardware/software
implementation. The majority of the control system testing has been accomplished in a simulation
laboratory. This laboratory employs actual flight configuration control system hardware (controller,
sensors, actuators, and etc.) interfaced to a hybrid analog/digital real time engine system simulator.
The simulation laboratory provides the capability to verify proper control system response and redundancy
management actions when presented with off-nominal engine performance and hardware failures.

This simulation laboratory provides a high fidelity test bed which allowed detailed integration
testing of the control system nrior to use in actual SSME enaine test firings. Since the initiation of
engine test firinvs, the Simulation Laboratory continues to be extensively used for software verification.
All software, including changes, is verified in the Simulation Laboratory prior to release for engine use.

FIELD EXPERIENCE

The SSME Digital Control System has been utilized for all engine test firings. As of this writing,
15 different SSME's have accumulated a total of 500 test firings and over 50,000 test seconds.

As the SSME system has matured through this test program, several control system requirement additions
and changes have been made. The flexability provided by use of a fully programmable digital computer
has allowed the majority of these changes to be accomplished by software modtfication. This has allowed
rapid change incorporation and verification (through use of the Simulation Laboratory) with only minor
perturbation to engine test schedules.

The large amount of "in use" experience has demonstrated that the basic concept of a digital control
system for the SSME as well as the hardware/software implementation of that system is sound and capable
of fulfilling the operational requirements which have been .reviously discussed.

CONCLUSION

The performance requirements of the Space Shuttle Main Engine coupled with the requirement for
fall operational/fail safe capability during all phases of engine operation dictated a control system
design that is unique to large rcckec engines. The control system is implemented as a fully programmable
digital system which has full control authority during all engine operational modes. The controller
performs automatic checkout of itself and the engine, and controls engine start, mainstage and shutdown.
The controller monitors critical parameters to determine -perating condition. If an anomaly is detected,
the controller attempts to keep the engine operational by hwitching to a redundant system or by providing

degraded operating modes. in the event continued engine operation cannot be maintained within redline
limits, the controller shuts the engine down if enabled by the orbiter.

I.
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DISCUSSION

R.L.De Hoff. US
(I) Are the two digital processors running asynchronously?

(2) If so, have you observed switching transients during processor failures at critical operating conditions, e.g. rapid
thrust maneuvers, start up, shut down, etc. 9

Authors Reply
(I) The two computers aie not in sync - The channel B computer is able to track the channel A computer within

the same major cycle since both computers receive the same input uata and oibiter commands.

(2 There are switching transients they are minor, however, during steady state or thrust changes (thrust change
is slow-limited to 10%/sec maximum) Computer switch over and regaining full and stable conitrol takes
approximately 80 ins.

There are times during the engine start sequence in which a switch of computers or output electronics cannot
be allowed since the transient will likely cause turbine damage The failure response during this time period is
engine shut (town rather than redundancy switching.

R.Smyth, Ge
What type of information is given to the crew in space shuttle to monitor engine performance and operation?

Aothor's Reply
The crew is providd with the engines thrust in %, i.e. 90%, 100% etc. and operating status either

normal mainstage
-- electronic lockup

hydraulic lockup
shut-down

The crew is provided with the capability to command the engines to inhibit its limit exceeded shutdown. Launch
mission rules allow the inhibiting of engine limit shut (town under certain emergency conditions.

R.Lo, Ge
Using chamber pressure for calculating oxygen flow rate requires detailed combusion efficiency information
(e g. )C* = f (total thrust). Is the latter constant enough to rely on it? For instance, would not the system inter-
pret an injection head failure as a change in oxygen flow?

Author's Reply
The C* effitjency of the engine is known within certain bounds by design.

Actual C* as a function of power level is determined by engine calibration firings. This curve as a function of power
level is used by the software to calculate liquid oxygen flow. Should a malfunction occur in the engine system
which affects C* this can be noted by a change in the engine operating balance. Limits are placed on the control
system authority to prevent an occurence of this type from d iilng the engine into an over temperature shut-dowil.

J.F.Evans, UK
Could the author please explain how they achifved adequate confidence that the watch dog tinier would detect a
faulty computer. What actual probability of undetected computer failure remains?

Author's Reply (Post meeting)
The "WDT" is actually a "dumb" timer which if not properly managed will time out In 20 is and halt its associated
computer 'To keep the WDT from timing out the software must sequentially acess the timer only during several
key "gate" times within the 20 ins major cycle The software manages the WI)T in correct sequence as a result of
successfully passing an increment of the computer self-test program The instruction set for management of the
WDT is not contained in one series of locations but rather is scattered throughout memory. This makes the
probability of a computer gone "wild" yet keeping itself alive by properly managing its WDT, Nill.

The computer self-test program provides ,reater than 951/ coverage.

H Austin Spang III, US
I ) What type of memory is used'? Is it read only'?

(2) Does each computer check the other or is it only based on watch dog timer9

I. ...
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Author's Reply
(1) The memory is read/write NDRO mechanized in form of 2 mil plated wire as the storage element.

(2) The channel A and channel B computers do not test each other. Each computer performs a comprehensive
self-test each major cycle. The successful completion of this self-test allows that computer to manage its
watch dog timer: Please see page 9 ofmy paper,, the first few paragraphs, for a more detailed discussion.

T.O'Brien, UK
How ire common mode failures avoided in the software? Is the redundancy provided similar or dissimilar?

Author's Reply

Both computers contain the same software.

Very extensive Failure Mode Effects Analyses are conducted by Hardware/Software systems personnel (not the
software designers) to detect the presence of any single point failures. In a2dition extensive software testing is
performed which includes failure injection to verify that no single point failures exist.

B.J.Cocking, UK
Could you please give details of your sensor validation techniques?

Author's Reply
Reasonable limits for the fuel flow measurement are calculated as a function of currently measured thrust. By
measuring Main Combustion Chamber Pressure and knowing that the engine mixture ratio is 6.0 one can then
calculate the approximate value that fuel flow must be. An additional tolerance is added to this calculated value
and it then becomes the upper and lower reasonable limit for the fuel flow meter for that major cycle.

M.J.Joby, UK
(I) Please describe the circuit board interconnect system employed.

(2) In the event of a detected system failure, are any means of locating and recording these faults provided?

Autl, or's Reply
(1) The interconnection between the printed circuit cards is mechanised by a discrete wire system similar to wire

wrap. The system used is ' stitch welding". The discrete wires are # 30 size nickel and are "spot" welded to a
stainless steel terminal by an electrical discharge.

(2) Yes every possible failure has a failure code assigned. When a failure is detected its failure I.D. and parameter
value is telemetered as well as stored in computer memory.

I.



EXPERIMENTAL FULL-AUTHORITY DIGITAL ENGINE CONTROL ON CONCORDE

J. McNamara C.G. Legge E. Roberts
Members of the Research & Advanced Sperry Gyroscope
Development Dept. C.S.E & A. (formerlyof Rolls-Royce Ltd.)
Rolls-Royce Limited, A.D.- Bristol.

SUMMARY

The paper describes what is believed to be the first-ever flight standard full-
authority digital engine controller. Initial design commenced in 1971 and flight
trials were conducted in 1976.

As well as the existing dry engine control and monitoring functions, the
controller incorporated reheat control, fault recording and ground-check, and fitted
into the same volume as the existing analogue dry engine controller. Particular
emphasis is given to computer monitoring techniques and the production of high-
integrity software.

1.0 INTRODUCTION

Work on full-authority digital control for gas turbines was started at Rolls-
Royce Limited Aero Division, Bristol (then Bristol Siddeley Engines Ltd.) in 1963 and
resulted in the first demonstration of this type of control in the U.K. in 1965.

The demonstration was of control of a single-spool engine, and subsequent work
resulted in demonstrations of control of more complex engines and also features such
as self-test and on-line fault detection.

By 1970 the capabilities of digital computers for full-authority gas turbine
control were widely appreciated, but it was doubted that digital controllers could
compete with analogue controllers in actual flight applications. By this time, however,
the technology had advanced sufficiently for a flight demonstration to be contemplated,
and in 1971 a collaborative exercise involving Lucas Aerospace Ltd., the British
Ministry of Defence (Procurement Executive), and Rolls-Royce Ltd. Aero Division was
launched.

The Concorde aircraft was selected as the most likely demonstration vehicle as its
Olympus 593 engines already had analogue electronic controllers. Hence it was convenient
to configure the digital controller as a direct plug-in replacement for the existing
controller, providing both a flight demonstration and a direct comparison with an
analogue controller.

Lucas Aerospace Ltd. were to provide the hardware and Rolls-Royce Ltd. Aero
Division, the software.

In the event the first flight took place in July 1976 on board Concorde 202.

2.0 CONCORDE POWERPLANT CONTROL SYSTEM

The dry engine control system comprises two control lanes. In this configuration
one lane controls the engine, the other lane being switched off. If a fault occurs in
the working lane it is automatically detected by the lane's own self-monitoring
arrangements. If the fault persists the lane automatically depowers and the second lane
automatically resumes control.

Each lane has its own actuators, the mechanical drives being consoli1dated ia
differential gearboxes to control the engine fuel-flow and primary nozzle area.I The reheat control is simplex, driving one actuator to control the fuel-flow.

3.0 OBJECTIVES

The broad objectives were to

a) Provide dry engine control identical to that provided by the analogue controller.

b) Detect transducer faults at least as well as the analogue controller.

c) Detect a very high proportion of internal faults.

d) Record all detected faults, whether transient or permanent.

e) Incorporate ground check with very littlc additional hardware.

f) Provioe reheat control (normally a separate unit on Concorde).

g) Fit into the same volume (ARINC 1 ATR Long) as the analogue dry engine
controller alone.

The objectives were all met, although the reheat control was not test-flown
because of equipment configuration limitations.

The completed controller had sufficient unused capacity to have incorporated some
other function such as engine life recording, which requires only about 400 words of
computer store and lmSec. run-time to calculate low cycle fatigue and creep damage.
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4.0 INTEGRITY REQUIREMENTS

The Civil Aviation Authority has laid down the Concorde integrity requirements
(TSS 1). These requirements, taken in conjunction with the relevant British Civil
Airworthiness Requirement (BCAR Paper No.484), lead to the following conclusions

a) The in-flight shut-down rate due to electronics failure should not exceed 2.3 x
10-6 per engine-hour.

b) The upwards runaway rate due to electronics failure must not exceed 10-6 per engine-
hour. (This figure takes account of the independent overspeed limiter).

c) The downwards runaway rate due to electronics failure should not exceed 2.7 x
10-6 per engine-hour

The above conclusions assume independent failures in the electronics.

This assumption does not apply to the software which, in a fully digital
installation, could be common to all lanes, both controlling and standby. In that case,
and as software errors have undefinable effects, such errors must not cause a failure
rate greater than 10-8 per engine-hour. Unlike hardware, software does not have a true
failure rate - it is either always faulty or always good, although a fault may remain
dormant for a long time. However, it is extremely unlikely that such a fault would
remain dormant for 108 hours, and thus the final conclusion is :-

d) In this type of system there must be no software errors - the computer programs
must conform to the specifications for all combinations of inputs.

5.0 HARDWARE

5.1 Overall System

The system (shown in Fig.l) was, apart from the computer monitor, a simple
arrangement using standard circuitry for signal conditioning, multiplexing, analogue/
digital conversion etc. connected to the computer via a bi-directional highway. Most
of the circuitry is not, therefore, described in detail.

5.2 Inputs/Outputs

The control required 20 variable inputs, 18 discrete inputs, 3 actuator drives,
one variable d.c. output and 14 discrete outputs.

The variable inputs were a mixture of thermocouple, resistance bulbs, 2.3 KHz and
400 Hz amplitude-modulated signals, very low frequencies (down to 8 Hz) and two higher
frequencies (up to 6 Kiz) which were both converted directly to digital form.

The actuator drives were simple pulse drives counting out thv number of cycles of
400 Hz demanded by the computer to 2-phase induction motors.

In addition to the control requirements there was a 400 Hz amplitude monitor (used
by the computer to compensate 400 Hz transducer readings), a 400 Hz current monitor, two
D.C. levels to monitor the performance of the analogue/digital converter, a D.C. signal
to the Reheat Controller and the controls for the Ground Check and Fault Recorder.

5.3 Computer

After a comprehensive computer survey the Sanders Associates Inc. MIP-16 was
selected as the most suitable for this application. This computer had a multiple-
register architecture and 8192 x 16-bit words of core store. With core store the
register-register add time was a nominal I pSec. and the multiply time, 4.4 pSec.
(It is some indication of software complexity that the total program run-time required
more than 40mSec. of the 50mSec. sample period).

5.4 Computer Monitoring

Safety circuits were provided for the computer only, the philosophy being that a well-
monitored computer is capable of monitoring the remainder of the system. These circuits are
worthy of more detailed consideration, as the integrity of the controller depended entizely
upon them. Basically there were three primary safety circuits; a Watchdog Timer, a Store
Adder and a comparator, but for completeness the Sample-Rate Clock is included in the
description. A secondary circuit known as a Fault Integrator was also incorporated.

a) Sample Rate Clock (S.R.C.)

This was a crystal-controlled clock which interrupted the computer at 5OmSec.
intervals. In response to an interrupt the computer addressed the Watchdog Timer
before running the next cycle of control.

b) Watchdog Timer (W.D.T.)

This was also a crystal-controlled clock, independent of the Sample-Rate Clock, but
instead of interrupting the computer it opened a time 'window' of O.25mSec, about 0.125mSec.
before the S.R.C. interrupt was due. If the computer did not address the W.D.T. within
this 0.25mSec. window period, a fault was declared. In addition, a fault was declared if
the computer addressed the W.D.T. outside the window, or more than once within it.

The action of the computer in addressing the W.D.T. started a delay of 49.875mSec. at
the end of which time the next window was opened, and so the system was belf-synchronising
in that frequency-drift did not trip the safety.

This sequence is shown in Fig. 2.

The W.D.T. crystal oscillator also supplied the computer's clock (5 M14z), so the
combined effect of the S.R.C. and W.D.T. was to check that the computer was supplied
with the correct frequency, was not stopped and was not 'running wild".

c) Store Adder

To preserve the integrity of the system it was necessary to check the store every



2-3

sample period, as the actuators could move a significant distance in two sample periods.
Since the 'off the shelf' computer had no parity check, and as there was insufficient
time in sample period for the computer to perform a normal store sum-check, a separate
arithmetic unit and accumulator were connected to the highway between the store and
control processor unit. The function of the arithmetic unit was to sum the machine-code
instructions and constants as they were read from the program store area. In the soft-
ware, every possible path through the total program was 'padded' with dummy instructions
such that, regardless of which path was followed through the program, a known fixed total
should appear in the accumulator at the end of each sample period. Hence any store fault
was detectable before it could have a significant effect.

In order to minimise the additional hardware a 16-bit adder with an 'end-around carry'
technique was used, whereby if an addition produced a carry, the carry digit was added
into the least-significant end of the accumulator.

d) Comparator

The comparator was required to check the number in the accumulator of the store adder
at the end of each sample period. In order to ensure that a comparison actually occurred,
the comparatox was strobed by the W.D.T. address signal from the computer. (Lack of this
address would have tripped the W.D.T. If the number was incorrect a fault declaration
was made. This comparator was also used for comparison of partial results in successive
sample periods, as described in the Software section.

e) Fault Integrator

If a fault was detected in the existing analogue controller the actuator were
immediately locked, or 'frozen', into position. If the fault persisted for about 11 sec.
the controller was depowered and a standby controller switched on. If the fault
persisted for less than that time the controller resumed control, but if then the fault
occurred a full new 1 -ec. period was started.

In the digital controller this area was designed differently, using an up/down counter
which counted up to a 2trip' level (when a fault occurred) four times faster than it
counted down to zero (when no fault was present). The effect of this was to retain the
analogue system's 1.5 sec. delay for a permanent fault, but if an intermittent fault
occurred sufficiently often to significantly degrade the control, the controller would
depower after some longer period. For example, if a fault occurred every other sample
period, the controller would not depower until after about 4 sec. As the actuators were
frozen only during faulty sample periods some measure of control was retained.

With a fault every 5th sample period, no depower occurred but control was not
noticably degraded. Hence the system would depower if a series of intermittent faults,
sufficient to degrade control, occurred.

The operation is shown in Pig.3, -aith sample periods exaggerated for clarity.
The complete computer monitoring system is shown in Fig.4.

5.5 Ground Check

Any safety circuit has dormant failure modes, where the circuit fails with no
immediate effect but is incapable of detecting faults. Hence such circuits should be
periodically checked at intervals determined by the dormant failure rate.

No additional hardware was required to check the safety circuits - the computer was
made to simulate the various types of fault and for each one, checked that the actuators
were'frozen', as described in section 6.13.

It was decided to incorporate as many checks as possible on those transducers which
could fail undetectably with the engine stopped , for example spool-speed probes. In the
case of these probes it was decided to inject a frequency to check for probe continuity.
Also, an extra datum was incorporated in the jet-pipe temperature measuring system to
enable it to measure over a lower-than-normal range, the intention being to permit a
comparison with the intake tempe-ature reading on a cold engine. As none of the other tests
required hardware, it can be seen that very little additional hardware was required. These
ground checks were known collectively as the 'A' checks, and totalled 35 checks, described
in section 6.13.

Further checks, of the fault integrator, final lane depower and lane-change, were
necessary. Since these actions initiated audible and visual warnings on the flight-deck,
it was decided that they should not be included in the pre-flight check, but should be
performed much less often. Thus they were classified separately as the 'B' checks.

The checks were controlled from the front of the unit. A three-position switch, a
push-button, a green 'GO' placard, a red 'FAIL' placard and eight light-emitting diodes
(LEDs) were provided as shown in Fig.5.

Experience has shown that if no visible effects occur while a ground check is being
run, there is some scepticism about whether the tests have actually been performed. In
addition, the operation of a push-button should have some immediate visual effect. Hence
for both psychological and practical reasons the 'GO' placard was made to flash at about
1/4 sec. intervals and a rapidly changing count was displayed on the LEDs during the 'A'

checks.The method of initiating the 'A' checks was merely to place the three-position
switch in the 'A' position, depress the 'Ground-Check' push-button and wait until either
the ,G' placard stopped flashing and lit steadily (after about 5 sec.), or the 'FAIL'
placard lit. In the case of a fault, a code was displayed on the LEDs to denote the

9fault site, and the software latched up to prevent further operation. In the -o-fault
case a further press of the push-button returned the controller to normal operaL*'n.

Por the 'B' checks the 'GO' placard went out and the 'FAIL' placard lit.
It should be noted that 3oftware interlocks were provided to prevent operation ox

these checks with the engine running.

5.6 Fault Recorder
A clear distinction must be drawn between thy Ground-Check and On-Line Monitoring.

The Ground-Check was checking only for dormant faults in the safety circuits, and
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transducer faults which were dormant with the engine stopped. The On-Line Monitoring
computer program described in section 6.8, on the other hand, was aimed at detecting
faults which could have had immediate and potentially catastrophic effects on the engine.
All such computer-detected faults, whether transient or permanent, were stored as a code
in a table in the core store. In addition a count of the number of times the fault
occurred was stored with the code, so that intermittent faults could be identified.

The Ground Check controls, with the switch in the PFR (Post Flight Readout)
position, were used to display the codes and counts on the 8 LEDs. It was, however,
thought necessary to provide a test of the LEDs and GO/FAIL placards prior to displaying
the codes. Hence the first 'code' in the table was set to all binary ones, the
associated lount being the number of times the unit had been switched on. Also, to
differentiate between eight- bit codes and eight-bit counts on the eight-bit LED display,
both GO and FAIL placards were lit to denote a code, while the GO placard only was lit
to denote a co' rt.

In operation, the first press of the Ground-Check button caused the first 'Fault-
code of 'all ones' to be displayed, and both GO and FAIL placards to be lit, thus
providing a test of all lamps. The next press caused the number of power-ups to be
displayed with the GO placard only lit. The third press caused the first genuince fault-
code (if any) to be displayed, while the fourth press displayed the associated count.
This procedure was followed until all lamps went blank indicating end of readout, the
maximum number of codes being 27.

The Fault Recorder did in fact detect a 'sticky' actuator, the associated count
increasing more rapidly with each flight until eventually the actuator seized.

o.0 SOFTWARE
6.1 Programming Techniques
6.1.1 Integrity

The very stringent integrity requirement of no software errors necessitates the
testing of every possible path through the software. With a progran length of over 7
thousand words experience has shown that this is virtually impossible with usual
techniques. Unrestrained programming at assembler or machine-code level results in long
programs with many paths, frequenctly incomprehensible to any but the original programmer.
Such a program is very difficult and tedious to test by forcing the program to run down
every possible path, and proving that it has done so. Test documentation is meaningful
only to the original programmer and thus virtually useless, while modifications can
become extremely difficult. Use of a high-level larguage is, if any)thing, even worse
than assembler level programming. The compiler itself is likely to have errors in it
(experience with compilers in this respect has not been good) and thus the object code
must be tested, but without a flow diagram chis is an impossible task. The approach
adopted by Rolls-Royce was modularity in the form of subroutines. Simple, accurately-
defined, non-interactive subroutines At the lowest level were used to build up subrout-
ines at the next highest level and so on (a 'hierarchical modular structure'). In the
interests of simplicity the subroutines wexe single-entry, single-exit, and were also
non-recursive.
6.1.2 Basic Subroutines

The subroutines used (Ref. Appendix 1) were a general-purpose set, not engine-
oriented, to provide maximum flexibility. To obtain full modularity they were self-
linking so that no subroutine calls were required, and they organised their own data
transfers. Thus to the user they appeared to be very powerful multi-address machine-code
instructions. For example overflow-protected (saturating) addition is written merely as:-

ADI) (i.e. Address of add subroutine)
A (i.e. Address of addend)
B (i.e. Address of augend)
C (i.e. Address of sum)

rhis is known as the calling sequence, and is all that is required. The next iter in the
calling sequence is the address of the next subroutine. Many years experience at R{olls-
Royce in the use of this technique has shown that it has many desirable features, among
which are :-

a) The calling sequence is machine-independent, providing portability between
different machines.

b) The user is relieved of any necessity to organise data in the subroutine's working
area prior to subroutine entry.

c) fhe subroutines can be used to write very complex programs quickly and easily, with
a good chance of being error-free prior to testing.

d) %lost important for this application, the oubroutines can be very thoroughly tested
and then used with complete confidence. As an exwanple of testing, the "add" subroutine
was specified to produce the maximum positive output for positive overflow and maximum
negative output for negative overflow. It therefore had three internal paths, which could
in principle have been tested with thre(e pairs of numbers. In practice eight paths were
used, four to check 4-quadrant non-overflowing addition and four to check the overflow
ranges. A description of the self.-linking and data transfer functions used in this type
of subroutine is given in \ppendix 1.
o.1. i Functional Subroutines

The basic subroutines were used to build up the functional subroutines at the next-
hiihe, c level in the hierarchy. These subroutines, described later, were :-

i) Input ; 1i ) On-Line lonitoi ; iii) Reheat Control (Not described, as it was not flown).
IV) Dry Enviire Control: v) Data -tore Test; vi) Branch Test; vii) Output; viii) CroundChed.

.1.4 Lxeck.tivo P'ron;raa,
At the hichest level of the hierarchy, the Executive Pirogram organised data transfers,

and called the functional subroutines, In the process, it also organibed the double Dry
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Engine Control Subroutine runs to provide the fault-detection capability for the Central
Processor and part of the Data Store, as described in para. 6.4.

6.2 Program Store Protection

In order to satisfy the store safety circuits, it was necessary to ensure that the
binary sum of all constants and machine-code instructions read from the program store
during any one sample period was a constant. To achieve this every one of the possible
paths through the complete program had to be 'padded' using 'fetches' of appropriate
constants. With thousands of possible paths through the control program alone, this
iight appear to be a difficult task. However, the programming techniques described in
the previous section made the task fairly simple, as there were relatively very few paths
.ithin each subroutine. It was also easy to decide the optimium positions for the padding
constants by inspection, although a formal approach had been devised. It was decided
that each basic subroatine should internally add 000116 to the store-adder in the computer
monitoring circuitry and the padding constant was obtained as follows :-

i) The sum of the instructions (including the pad 'fetch' instruction) was obtained using
a hexadecimal calculator. ii) The carry digits (those in excess of 16 bits) of the above
total were 'wrapped around' to match the store adder. For example, if the total had been
1234516, in the 16-bit store adder the '1' would have been added to the least significant
digit, giving 234616. iii) The 4-digit total above was subtracted from 1000016 (the
desired total 'urwrapped') to give the padding constant. For the above example this is
DCBA16. When running a program, the calling sequence for the subroutine was also
automatically added into the store-adder circuit. Taking ADD as an example again, the
calling sequence could be :-

Calling Sequence Coding
ADD 0200
A 3COO
B 3C02
C 3CO4

The total of this calling sequence is 1360616, and the internal padding of the subroutine
(000116) brings this to B60716. In order to pad the calling sequence to the desired total
(the comparator was set for FFPF16) a special pad subroutine was written. The calling
sequence was -

PAD
K

and its only function was to fetch K from store. In the process, of course, the coding
for PAD and the internal padding of 000116 were also added into the store-adder -ircuit.
'adding of the different calling-sequence paths was very similar to padding inside a
subroutine. It is estimated that the padding added about 10% to the run-time, a small
penalty to pay for nearly 100% store protection. The actual protection is given by

(I - 1/21 6 ).100 = 99.998%

6.3 Data Store Protection
The technique used for program store protection was not applicable to the variable

data area. Hence, in order to protect incoming data from store faults, each input was
added to a running checksum before being stored. Then, just before the computer sent its
output to the actuators, it summed the input data with the Data Store Test subroutine,
and compared the result with the checksum. The delayed input data, and lags calculated
by the control program, were protected by the same process which provided the Central
Processor Unit monitoring, described in para. 6.4.

6.4 Central Processor Unit Monitoring

The usual C.P.U. self-test prograim, where the computer runs through its instruction
repertoire with selected data, was considered to be inadequate by the Civil Aviation
Authority, as the degree of protection afforded could not be quantified. Examination of
the Dry Engine Control Routine showed that it could provide adequate checking because
moft instructions were used many times over with virtually random data. Hence if the 46
partial and final results were correct, there was a high and quantifiable probability that
no fault was present. Several possible procedures, including a run of the control program
with fixed test data every sample period, were examined and the procedure finally adopted
was as follows (see also Fig. 6)

a) At power-up, read the first set of input data, then run the control program (run la),
retaining the input data and all partial and final results.
b) Follow (a) with a run of the control program with test input data (Test Run) and
check the test results. If these results are good there was no permanent fault during
run la.
c) On receipt of the next Sample-Rate-Clock (SRC) interrupt, read the second set of
input data and run the control program (run 2a), retaining the input data and partial
and final results.
d) Follow (c) with a run of the control program using the first set of input data
(run ib) and compare partial anu final results with those obtained from run Ia, If they
agree, there was no permanent fault during run 2a, and no transient fault affected
either run la or run lb.
e) On receipt of the next SRC interrupt, read the third set of input data and run the
control program (run 3a).
f) Follow (e) with a run of the control program using the second set of input data
(run 2b) and compare partial and final results with those obtained during run 2a. If
they agree, there was no permanent fault during run 3a, and no transient fault affected
either run la or run lb. This 'leapfrog' process is repeated indefinitely. Because a
faulty computer obviously cannot be relied on to declare itself faulty, the comparison is
performed in the hardware comparator, described in section 5.4, rather than in the
computer itself. The procedure did not fully check the condition staticisers (carry,coiue tef o ttcsr cry
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overflow etc.) which could fail dormant. Thus a special check of the staticisers, the
Branch Test, was incorporated as a separate subroutine. The 'leapfrog' technique also
protected all of the Data Store apart from the new data area, as any corruption of data
would produce a faulty comparison check.

6.5 Oaerating System
Clearly, from the testing and padding requirements, the programmers required an

intimate knowledge of the numpric coding and could expect little assistance from
assemblers and the like, Thus it was decided from the outset to dispense with most soft-
ware aids, and to hand-code the subroutines and calling sequences in 4-digit hexadecimal
format. Although slightly tedious this was not a difficult task, especially as the
machine-code for the Sanders computer used 4-bit fields throughout. Paper tapes were
prepared on a teleprinter and loaded, via a high speed reader, with a simple hexadecimal
loader which was permanently resident in the computer. This loader also checked the
characters for parity errors. In order to prevent undocumented software changes, no
paper-tape punch was attached to the system, and therefore the store could not be dumped.
Hence, although modifications could be entered by hand for test purposes, permanent
alterations had to be entered on tape. This was done by updating a master tape, so all
modifications were recorded on the teleprinter typeout. It is known that this lack of a
pump facility did in fact prevent undocumented modifications. The only software aid used
was a program known as the Diagnostic. Controlled by the switches on the Operators
Control Panel, it ran one basic subroutine at a time, and could display the address where
it had stopped, the result (if any) of the previous subroutine and the cumulative sum of
the program store. The Diagnostic proved to be very valuable, as it was possible to step
rapidly through long programs, and the paddingwas easy to check.

6.6 Initialisation Subroutine
The purpose of this simple routine was to clear counts, fault markers etc. to

obtain correct operation of the other routines on power-up or fault recovery. It also
started the frequency-to-digital converters ready for the first run of the Input Routine.

6.7 Input Subroutine
This routine read all inputs including the normal 115V 400 Hz power supply amplitude,

forming the running checksum as it proceeded. It then used the power supply amplitude to
correct the 400 Hz transducer readings and derived the rates-of-change of the pilots lever
angle and jet-pipe temperature, for use in the control program.

6.8 On-Line Monitor Subroutine
The safety philosophy was that the computer should monitor all the variable inputs

and outputs, and that a short transient fault should not cause a lane-change. To do
this, several different techniques were employed :-

a) Direct Comparison. On Concorde there are two pilot's lever pick-offs per control
lane, the outputs of which can be compared.
b) Rate of Change. Most engine and airframe parameters have a rate of change which is
limited by physical considerations, for example spool-speed rates are limited by inertia.
Thus if a reading changes faster than physically possible then that reading is
r2cognisable as faulty.
c) Out of Range. A reading is obviously faulty if it is outside the possible range of
that parameter.
d) Indirect Comparison. The two spool-speeds and the jet-pipe temperature are all
related, and crude but effective inter-comparisons can be made. Caution is, howeve..,
necessary as it was discovered th. if an engine is shut-down in flight it can windmill
at high RPM while the 3et-pipe temperature drops rapidly towards zero.
e) Sign Correlation. This technique was used to check the actuators - the actuator
velocity pick-offs should normally follow the actuator drives. Because of actuator over-
shoot under certain conditions, hov'ever, the tolerances and limits proved to be extremely
difficult to set up, although satisfactory operation was eventually obtained. This is,
perhaps, an area where hardware fault detection would be more suitable with this type of
actuator. A further point about the actuator safety is that if a fault is detected, of
necessity the actuator is frozen. Therefore, in order to recover from a transient fault
the actuator must, after a short delay, be unfrozen and tried again. A unique code was
assigned to each of the 27 possible fault sites and each time a fault was detected the
appropriate code was stored in a table, and an associated count incremented by 1. This
code was later retrieved as explained in para. 6.4.

6.9 Dry Engine Control Subroutine
One of the conditions of flight clearance for the digital controller was that it should
not adversely affect the normal development flying of the aircraft (Concorde 202). Thus
the analogue unit's control functions and test procedures were copied as closely as
possible, even though this approach did not fully exploit the potential of digital
control. Development of the Olympus 593 and its control laws had, by 1976, resulted in
a very complex control system. Although lack of space precludes a detailed description
some idea of the complexity can be gained from the fact tnat there were 25) individual
control loops associated with the fuel-flow control, and 9 more loops associated with
the primary nozzle, together with the associated selection logic. Most of these loops
were themselves quite complex, with non-linear multi-parameter schedules, and
considerable interaction between ther ,.

6.10 Data Store Test Subroutine
fhis test, performed immediately after the first run of the Dry Engine Control

Subroutine, was incorporated to ensure that that program had been run with correct data.
This subroutine -ummed the input data and compared this sum with the running checksum
formed by the Input Subroutine. In this particular case it is permissible to perforr,
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the comparison within the computer - if the Central Processing Unit is faulty the rvorst
it can do is to declare a non-existant data store fault. A persistent Central Processor
Unit fault would, in any case, be detected by the 'leapfrog' technique described in para.
6.4 or by the Branch Test subroutine, para. 6.11.

6.11 Branch Test Subroutine

The staticisers (sign, overflow, carry, non -zero) upon which the conditional
branch instructions operate, may remaiu iii one state for several sample periods, Hence,
if one of them fails without changing state the fault will not be detected by the 'leap-
frog' technique. This subroutine therefore set the four staticisers to all possible 16
conditions, and,for each condition, tested all 18 conditional branches in the computer.

6.12 Output Subroutine

Considerable difficulty was experienced with the actuator velocity drives, which
had only 20 quantisation levels. This resulted in a very high apparent gain across the
actuator, requiring a corresponding very small gain (a nominal -1/16th) in the computer.
If this gain is plotted as shown by the solid line in Fig.7, it can be seen that there
are large discontinuities and a deadbano. It was found that the actuators tended to
become 'trapped' in the notch at 23 bits control output, tripping the On-Line Monitor
program. Thus the gain curve was modified as shown by the dotted line, which provided
a satisfactory solution. The effect of the deadband was beneficial on most of the
control loops; it was small enough to provide satisfactory control while at the same time
it prevented actuator 'jitter'. However, it was too large for the Jet-pipe temperature
limiter, where the deadband was 280 C. The solution adopted was to arrange that when this
loop entered the deadband the gain was switched from -1/16th to -1, with a very slow
actuator velocity limit imposed. This resulted in the limiter loop cycling slowly by
about +10 C around the required datum - well within tolerance.

6.13 Ground Check Subroutine

The Ground-Check was controlled, as doscribed in para. 5.5, by a three-position
switch labelled 'A', 'PFR' and '13', eight light-emitting diodes (LEDs), a green 'GO'
placard and a red 'FAIL' placard mounted on the front of the unit. Previous examples of
ground-check had run the program at base level, the sample-rate-clock and safety circuits
being serviced by a dummy interrupt routine. This practice was thought to be potentially
dangerous for a flight system - a situation can be envisaged where the computer is running
incorrectly at baselevel, while correctly servicing the safety circuits at interrupt level.
Hence the Ground-Check program was time-slotted and run at interrupt level. It was,
therefore, also necessary to pad the program as described in para. 6.2. During previous
demonstrations of ground-checK the comment had been made that 'there's' no proof that it's
doing anything. Hence, on this system the eight LEDs were made to count up rapidly,
while the green 'GO' placard flashed slowly. This appeared to constitute proof that the
system was, in fact, checking itself as no adverse comments were made. The primary
fdnction of the ground-check was to check the safety circuits for dormant faults, but as
a demonstration that the system could check itself, other tests for faults which would be
dormant before the engine was started were incorporated. On a commercial aircraft these
could perhaps be performed before passenger embarkation. The best test of the safety
circuits was to check that they could 'freeze' the actuators. Hence, in order to
differentiate between actuator faults and safety circuit faults it was nec2ssary to first
check the actuators for correct movement. The actual checks were as follows

a) 'A' Checks
i) Drive actuators closed onto end stops to establish a datum.

ii) Check position pick-offs for end-stop position.
Lii) Drive actuators open, checking position and tacho pick-offs against each other.
iv) Drive actuators neaily closed, again checking position and tacho pick-offs.

v) Activate each safety circuit in turn, checking that when activated the actuators
cannot be driven, and that when de-activated they can be driven (allowing sufficient
time between checks to allow the fault integrator to count down).

vi) Operate relay to inject test frequency into ,.pool-speed probes (continuity check)
and check frequency-digital converters (accuracy check). Release relay and check
that test frequency it, removed.

vii) Check T1 (intake temperature) dnd 'i (jet-pipe temperature). Originally it was
intended to compare TI and Tj, but a. there was a possibility of the engine being
hot when tc-ting, a 'credibility' check vas u.ei,.,

viii) Score bum-check.

b) '18' Checks

Activate a safety circuit and start a software timer. Check that the timer does
not reach 1. 3 sec. If it does, either thk fault integrator or tne final depower relay
i faulty, in the interests of safety, software interlocks were incorporated to prevent
testing if the engJine wa, running, or to abort te,ting if the eng ne Wt, started during

a test.
6.14 Fault-Code Readout

I-or convenience, the fault-code readout was incorporated in the uround-Check sub-
routine. All 27 possible fault-sites were allocated a unique code, and whenever a fault
was detected the code wa, stored in a fault table and an asbociated count incremented.
This perr itted infor,aion to be stored about perranent, tran, ient and interr ittent faults.
-I ,istingulsh between Iault codes and count- on the g-bit LED display ( i. .) both '6
and ''AliL' placards were iI i uated for a code, while for a count the ',,)' placard only
was lit. In addition a power-up was claddified as a 'fault', the fault-code being all
ones ( to test tne LdDs,) . S ith the 3-position switch in the ' ' ( Pus t - ,h Reaout, I
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position, a press of the 'Ground-Check' push-button caused the computer to search the
fault-code store. The first code encountered was the all ones power-up code, causing
all 8 LEDs, the 'GO' and 'FAIL' placards to be illuminated. The next press of the
button caused the number of power-ups to be displayed, with cnly the 'GO' placard lit,
Further presses caused further fault-codes and counts (if any) to be displayed until all
lamps were extinguished to indicate 'end of readout'.

7.0 FLIGHT CLEARANCE

It was not possibic to dedicate the British development aircraft, Concoxde 202, to
flight trials devoted solely to the controller. Firstly, the cost would have been pro-
hibitive and secondly, the aircraft was being used intensively for other purposes.
Permission to fly the controller, on a 'free-ride' basis, was granted only on condition
that it did not interfere with the aircraft's normal development flying. Thus it was
vital that the controller performed eyactly as the existing analogue system and that it
did not produce radio frequency interference. It was also important that the controller
should not fail, due either to radio frequency interference from other equipment or to
an internal fault. Hence the appropriate parts of the normal tests for avionic equipment
were applied. One of the three controllers was subjected to severe temperature cycling
and vibration tests, followed by a strip-down and visual check. Of the other two, one
was subjected to EMC (Electro-Magnetic Compatibility) tests, and both received R.S.T.
(Reliability Shakedown Testing). No problems were encountered during testing, even the
EMC tests being passed easily. This was rather surprising in view of considerable
pessimism in many quarters concerning the vulnerability of computers to radiatior, and
was presumably the result of good design. One unit was subjected to bench pass-off tests
on a rig used to pass-off the analogue controllers. This cleared it to run an engine on
a test-bed, where it was subjected to an exhaustive series of tests to clear it :cor flight.

8.0 FLIGHT TRIALS

The flight-cleared controller has, to data, completed some 25 hours of flyiig and
approaching some 100 hours of engine running on seven different engines. Despite all the
careful testing, three minor initial problems appeared on the aircraft. These were -

i) On changeover from aircraft to ground power, the unit was subjected to an
unexpected transient power interrupt, with a very slow voltage recovery. This corruptcd
the core-store contents, which resulted in the safety circuits operating and changing
lanes. The fault was found to be due, not to the core-store itself, but to an ezror :n
the p)wer-up sequencing which had not been revealed by the bench power-interrupt tests.
It is of interest to note that no problems were encountered with the core-store. In
fact, the power-up sequencing error was the only hardware fault encountered during all
the engine running and flight trials.

ii) The IP spool-speed signal on the aircraft was noisier than on the test-bed. The
only result of this was an occasional flicker of the auto-ignition, which was easily
cured in the software.

iii) During an engine relight test on the edge of the relight envelope, the engine took
a considerable time to relight. Just before relight the 'Tj FAIL' placard on the flight-
deck flashed. Such a failure is not serious, as thu controllers continue operation in
this condition. This problem was traced to the software intercomparison of NH, NL and
Tj. Although normally a good test of TJ, it had not been appreciated that the engine
could windmill at very high RPM with a very low (nearly down to OC) jet-pipe temperature.
This test was deleted, reliance being placed on the existing out-of-range test. Apart
from these minor teething problems, the unit has been flown over most of the flight
envelope of the aircraft with no further problems. During the flight trials the Fault
Code Readout revealed an intermittently-sticking nozzle actuator, the fault-count
increasing more rapidly with each flight. At the time it was not certain if there was a
genuine fault or if the safety was over-sensitive. The digital controller was therefore
moved to another engine, where the fault disappeared. Subsequently the original actuator
seized-up and had to be changed. This experience revealed the potential usefulness of
the Fault-Code Store. The unit has also been used twice to assist in engine development.
The requirements. impossible to meet manually, were in addition to the normal control
funtions but were rcdily incorporated in the software, no hardware changes being
required.

9.0 FIJTURE TRENDS

9.1 Computer %lonitoring

The advent of microprocessors and high-density stores has rendered the monitoring
techniques employed in the controller obsolete. Current thinking is that, at least for
military applications, a microcomputer can be monitored by another, identical micro-
computer running in exact synchronisation. If a microcomputer with serial unidirectional
highways is used, then the input highways can be paralleled together, to ensure that both
microcomputers receive the same data. All that is required on the output highways is a
one-bit comparator. Of course, a device such as a watchdog timer is still required for
common-mode faults such as clock failure. A system of this type has been built and soak-
tested for over 1000 hours with no problems at all, although subsequently a self-
-ynchrunising feature was added to permit recovery from possible transient loss of
synchronisation. For civil applications it is likely that the airworthiness authorities
will insist on dissimilar microcorputers. The saaue technique can still be applied, but
is considerably iqore complicated.
9.2 Failure Detection and Survival

Tyaditionally, engine controllers have consisted of two separate lanes of control.
In any one lane it is not possible tu detect some forms of fault, (for example drift),
and tull use is not made of the available redundancy. If, however, the highways of aL!IIi I I i l ll ll H I iI
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digital system are interconnected through suitable electrical isolators as shown in Fig.
8 then the controlling computer has access to both sets of transducers. Consequently
it can detect all previously undetectable faults by direct comparison and, although in
these cases it cannot locate the faulty transducer, it can store a fault-code and use
some predetermined failure strategy, depending on the aircraft type. For example, on a
vertical take-off/landing aircraft it can use the reading giving the highest thrust, or
on a multi-engines aircraft it could fail frozen and warn the crew, who can take
appropriate action. The availability of both sets of transducer readings also improves
failure survival. In previous systems a failure in the controlling lane followed by
another in the standby lane resulted in system failure. With the interconnection, how-
ever, the only faults which fail the system are those of identical pairs of elements,
e.g. a pair of transducers, a pair of computers etc. Typically, this feature improves
failure survival by some 5 - 10 times.

9.3 Simplex and Triplex Funztions
On many systems , simplex functions such as reheat are required. These are readily

accommodated in'the highway interconnections as shown in Fig.9. Future engine control
systems will probably be required to interface with triplex highway systems. Obviously,
with three electrically isolated sets of inputs and outputs, no difficulty would be
experienced with this type of system.

9.4 System Survivability
The interconnected arrangement has the advantage that it can, if required, be

physically separated into two units, or three with reheat, thus enhancing survivability
from battle-damage and fire.

10,0 CONCLUSIONS

So far as is known, this was the first exercise of its kind, and there were no
guidelines to follow. Thus the emphasis was on caution and, above all, simplicity. The
use of interrupts (other than the Sample Rate Clock) and Direct Memory Access was avoided,
as were programming techniques such as multi-sample-rate working and (other than for
Ground-Check) time- slotting. It is thougIt that the success of the project was largely
due to this cimplistic approach - efforts could be concentrated on the real problems, of
which there were many, rather than potential problems introduced by complexity. It is
clear that considerable caution is necessary when introducing full-authority digital
control - even this system, based on an existing analogue controller, was not entirely
trouble-free. The success of the project demonstrated the feasibility, flexibility and
capability of digital control. However, as th2 units were built on an experimental
basis, production costs were not known. The subsequent development of microprocessors,
of course, has altered the situation considerably; an equivalent system now would
undoubtedly be smaller and cheaper than the current analogue system.
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APPENDIX 1
IA. self-Linking Subroutine Internal OrQianisation

The most common organisation, suitable for most machines, is to use a pointer which
points to the next required item in the calling seqaence. Thus, for example, if the
calling sequence is :-

Location Calling Sequence Comments
1000 ADD Address of ADD subroutine
1001 A Address of addend
1002 B Address of augend
1003 C Address of sum
1004 NEXT Address of next subroutine
1005 X Data address

then, after entry into the ADD subroutine the pointer value will be 1001. Internally
the functions could be :-

Fetch contents of pointer, i.e. A
Increment pointer
Fetch contents of A, i.e. addend
Fetch contents of pointer, i.e. 13
Increment pointer
Fetch contents of B, i.e. augend
Perform add function (form sum)
Fetch contents of pointer, i.e. C
increment pointer
Store sum in ontents of C
Fetch contents of pointer, i.e. NLXT
Increment pointer
Jump to NEXT, i.e. enter next subroutine,

On entry into the next subroutline the pointer value wi]] be 103), thu addrest )f the
first data address for the next subroutine. Clearly the internal functions ca;,bbe
tailored to suit the abilities of the particular :iachine; for example a machine could
have an instruction which increments the pointer then fetches its coutents, ir. one
operation. Initial entry into the calling sequence vust set up the correct initial
value for the pointer. Frequently the machine's own subroutine call will do thio
autoriatically, If not, a special subroutine is necessary.
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2A. Subroutine Used

CALLING SEQUENCE FUNCTION

ADD/A/B/C Overflow - protected addition

SUB/A/B/C Overflow - protected subtraction

MULT/A/B/s/C Overflow - protected multiplication (s = scaling factor)

DIV/s/A/B/C Overflow - protected division (s = scaling factor)

MOD/A/X Overflow - protected modulus

NEG/A/X Overflow - protected negate

SHIFTA/s/A/X Overflow - protected arithmetic shift(s = shift factor)

VBS/X/rAB/Y Variable break-point schedule ("function generator")

HWS/rABX/X/TABY/Y Highest wins (TABX = data address, TABY = associated
codes).

LWS/TABX/X/TABY/Y Lowest wins

INTEG/A/B/s/X Double-length integrator

SQRT/A/B Special-purpose square root

SHIFTL/s/A/X Logical shift

AND/A/B/X Logical AND

OR/A/B/X Logical inclusive 'OR,

TRANS/A/X Transfer (A) to (X)

DELAY/A/X/Y (A) (X), then (X) (Y)

MOVE/TABX/TABY Move table X to table Y

SWAP/Ti3X/TABY Swap tables X and Y

READ/TAB/J/X Read )th item from table

STORE /A/TAB/J Write into )th table place

PASS No operation

JUMP/L Unconditional relative jump

JUMPIF/A/B/LI/L2/L3 Conditional relative jump

Ll ifA 
L2 if A = B
L3 if A B

JUMPS/TAB/J Relative jiump to jth address in table

SWITCH/X/m/LI/L2 Relative jump to Li if x m 0
L2 if x m 0

SUBR/N/L Enter subroutine at location L
Store link in location N.

EXIT/N Exit subroutine

SERVICE/t Response to clock interrupt. Set sample period to t.

WAIT Wait for next clock interrupt

ADC/a /X Analogue input from channel a (Right justified)

DAC/X/_ Analogue output to channel a (overflow protected)

ACT/X/n/ Actuator drive to channel a, limited to n pulses.

CPUSC CPU staticiser check.

PAD/k Read k from store.

RCS/SUM Running Checksum. Add RI to (SUM).

TCS/TAB/SUM Table checksum.

COMPT/TABA/L Compare tables. Jump to L if not e' .al.
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Fig.2 S.R.C. & W.D.T. operation
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COPUERH/UCEC

RUN 1A

Check Results TE T R NInerp
- -- -Sample Rate ClockInert

INPUT

RUN 2A

Compare Results RUN____1___B

With Run I A

---- SampLe Rate Clock Interrupt

INPUT

RUN 3A

Compare Results RUN 2B

With Run 2A

Fig.6 Processor arithmetic monitoring procedure
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Fig.8 Interconnected digital system
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DISCUSSION

R.Cocking, UK
Could you please comment on the reliability of the software?

Author's Reply
In this type of system there must be no software errors. This can only be achieved by

I. a very high standard of documentation,
2. thorough testing at all levels, and
3. no means of permanently altering the program with no record.

The program was written and tested early in 1976 and we have yet to find a fault. Several thousands of hours of
testing have taken place, a considerable time using the control unit as a deve!opment tool both in aircraft and on the
test bed.

R.Cocking, UK
Could you comment on the fault integration technique compared with "freeze on third consecutive fault" used by
W.T.Mitchell on the space shuttle.

Author's Reply
The fault integrator was specifically designed to provide the exact change-over response under lane failure conditions
as its analogue counterpart, e.g. the automatically changeover occurred 1.5 seconds after detection of a permanent
fault.

I believe that in using an up-down counter arrangement as in the Concorde System, it provided a more graceful
degradation of the system. In the SSME control using Liquid Hydrogen/Oxygen the demarcation between operating
and tie need to shutdown is very critical. Thus should a device "strike" 3 consecutive times it will be declared failed
and permanently disqualified, e.g. 60 milliseconds.

A.A.Martino, US
Describe what parameters you measured to determine what you noted as "Engine Life Recording"

Authors Reply
The engine life recorder was based on the Pegasus engine and is concerned mainly with recording stress in the engine
components which tend to limit time between overhauls. The programming effort in the Concorde control system
concentrated on producing a program capable of recording cycle damage, whether it be for speed or temperature
cycles and creep life.

Thus the life recorder program indicating speed cycle fatigue and c:eep life occupied 450 words and an execution
time of 500 p sec.

Parameters were NH and Tj available in the control.

J.Peikert, Ge
(I) Controller Mounting. Engine mounted or A/C mounted?

(2) Environmental Testing. Extremes of temperature, vibration and EMC testing, with especial interest in
HF-susceptibility. What are the max field strength in v/m, to which the controller has been tested?

Author's Reply
(I) Airframe mounted -- in a 1/2 ATR long case.

(2) lest extremes are-

Upper temperature + 700 C Operational
Lower temperature - 400 C I

Normal acceleration level was 8.25 g (5.5 g factored by 1.5) in 3 planes each at I minute minimum.

Survival ac :eleration 10 g for I minute.

Radio interference test complied to SB/ /07-5001-01 * Test 27, iss I for susceptibility and suppresson

Transient voltage test in accordance with SB/8D/5010-01 * App.A, Amend.4 or SB/8/07-5001 01 * Test 29 iss. I

Field strengths of 10 V/in

• BAe SST Specification
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THE SECONDARY POWER SYSTEM CONTROL UNIT,

AN ELECTRONIC SUBSYSTEM IN THE
PANAVIA TORNADO

by
W. Bender

VDO Luftfahrtger~te Werk
An der SandelmUhle 13

6000 Frankfurt-50
West Germany

ABSTRACT

The TORNADO is equipped with two accessory drive gearboxes which operate hydraulic
pumps, f l back-up pumps and electric generators,

The gearboxes are driven either by the APU via the APU-clutch or by the aircraft
engines. A second clutch, the CD-clutch, allows the mechanical connection of both gear-
boxes.

The automatic starting cycle of the APU, operation of the accessory drive gearboxes
under well defined speed- and acceleration conditions and the starting phase of the
aircraft engines are controlled and monitored by the Secondary Power System Control
Unit, an electronic subsystem.

If a failure occurs during system operation the control unit opens the corresponding
clutch or shuts down the APU, stores and displays the type of failure on LED indicators
and actuates the master alarm on the maintenance panel.

The control unit is equipped with built-in test features for ali internal
protection circuits and for external sensors and transducers.

1. INTRODUCTION

In order to fully understand the operation of the Secondary Power System Control
Unit - abbreviated SPSCU - we must first take a close look at the Secondary Power Syste,
itself.

IOG IDG APU
~CD-Clutch

\P

APU-Clutch
PTO PTO

APU Auxiliary Power Unit
IDG Integrated Drive Generator
HP Hydraulic Pump
FBP Fuel Backing Pump
TC Torque Converter with Freewheel
PTO Power Take Otf

Fig. 1
The Secondary Power System
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The PANAVIA TORNADO Aircraft is equipped with two Gearboxes (GB) which are

driven by the two Main Engines. Both Gearboxes primarily fulfill the same task and
are nearly identical in construction.
Each Gearbox in turn drives an Inteqrated Drive Generator (IDG), a Hydraulic Pump
and a Fuel Backing Pump, thus suppl/ing the TORNADO AIRCRAFT via the Secondary Power
System with electrical and hydraulic power.

Additionally, both Gearboxes can be driven by an Auxiliary Power Unit (APU) which
ensures the full function of the Secondary Power System on the ground even with the Main
Engines shut down.
The APU is first started by means of the Aircraft Battery and accelerated to nominal
speed. After the APU has reached its rated RPM the APU-Clutch engages thereby
accelerating the R/H Gearbox to rated speed. Once on speed the R/H Gearbox can
accelerate and drive the L/H Gearbox by means of the CROSS-DRIVE-CLUTCH (CD-Clutch). In
this way the Secondary Power System can be operated stationary by the Auxiliary Power
Unit.

When starting a Main Engine the Torque Converter in the corresponding Gearbox is
filled with oil and the engine accelerates. As soon as either engine has reached 60 % of
its rated RPM the APU is automatically shut down and the APU-Clutch opens. The Gearbox
is then driven by the Main Engine.

Normally, during flight each Main Engine drives its own Gearbox. However in case of
an inflight shut down of a Main Engine the corresponding Gearbox can be automatically
connected to the remaining engine by means of the CD-Clutch. This guarantees the
redundancy of both Gearboxes.

All Control Functions, Regulating and Monitoring Functions necessary for starting and
operating the APU, for accelerating and operating both Gearboxes are accomplished in the
Secondary Power System Control Unit.

2. SECONDARY POWER SYSTEM CONTROL UNIT

The SPSCU is a Line Replaceable Unit which - due to its different functions - can be
subdivided into an APU-Section and a GB-Section,

2.1 APU-SECTION

The APU-Section, which is called APU-Control Unit (APUCU), controls the automatic
starting cycle of the APU. This cycle is initiated by pressing the Starter Button in the
Cockpit.
During start up, acceleration, and after successfully attaining rated APU RPM the APUCU
monitors the normal APU operation and controls the following external devices:

Air Inlet Door
External Fuel Cock
Master Fuel Valve
Starter Solenoid
Ignition Fuel Valve
Ignition Unit
APU Start Counter
APU Operating Hours Counter
APU Operating Light (Cockpit) and
Master Alarm (Maintenance Panel)

In addition to the above, the APUCU also monitors the following APU signals:

Air Inlet Door open
External Fuel Cock open
APU RPM
Starter Temperature and
Low Oil Pressure

Should one of the signals being monitored by the APUCU behave abnormally or should it be
unable to reach its nominal value within an exactly defined tirie period the APU is
automatically shut down and a stored Fault Light is illuminated on the front plate of the
Control Unit.

The most important of the signals being monitored by the APUCU is the APU RPM signal.
It is sensed by an Inductive RPM Transmitter.
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APU Speed Signal Monitoring

lhe Starter can only be engaged if the transmitter does not sense a RPM signal; in
other words the APU must be at a standstill.
However, should the sensed RPM frequency be insufficient after Starter engagement (t1)
then the starting cycle is automatically aborted as the danger of a mechanical Turbine
Problem or a defect RPM Transmitter might exist.

As soon as the RPM exceeds the second Threshold Value the Starter, the Ignition
System and the Ignition Fuel Valve are switched off and the APU accelerates by its own.
An electronic interlock prevents reengaging the Starter in case of a momentary RPM loss
after Starter disengagement. A very precise Time Monitoring Circuitry ensures that the
APU is immediately shut down if the necessary RPM for disengagirig the Starter is not
attained within a certain time period (t2).

A third RPM Threshold is set shortly below Rated RPM. Wher the RPM reaches this
Threshold the Lubrication Oil Pressure is monitored and a signal for closing the APU-
Clutch is generated.

A decrease in RPM below the Threshi'd or exceeding the time measurement t2 shuts the
APU down because of a possible overload condition.

A fourth RPM Threshold protects the APU against destruction by rapidly shutting it
down at Overspeed.

During Starter operation the Starter temperature is sensed. If the temperature rises
above a permissable value the Starter is automatically disengaged and cannot be reengaged
until cooled down to a safe temperature. In this case the APU will not be shut down and
all monitoring circuits will stay active. This ensures the normal completion of the
Starting Cycle if sufficient RPM has been attained prior to Starter disengagement. However,
if the APU has not yet reached enough speed to accelerate by its own at the moment of
Starter disengagement then any of the afore mentioned Time Monitoring Circuits will shut
the APU down before a damage might occur.

2.2 GB-SECTION

The GB-Section (GBCU) of the SPSCU primariiy controls and regulates the function of
the APU-Clutch and the CD-Clutch. Both clutches are hydraulically operated.
The following input signals are processed in order to fulfill this task:

Oil Temperature R/H Gearbox

Oil Temperature L/H Gearbox
RPM R/H Gearbox
RPM L/H Gearbox
APU-Clutch Pressure
CD-Clutch Pressure



.34

In addition, the GBCU processes the following discrete Aircaft command signals:

CD-AUTO/DISENGAGE
CD-RESET
Speed Switch R/H Engine
Speed Switch L/H Engine

The main responsibility of the GBCU is to regulate the APU-Clutch or the CD-Clutch
precisely in such a way as to accelerate the corresponding Gearbox to rated RPM at the
maximum permissable rate. This is accomplished by employing the oiltemperature
prevailing at that moment as it is very important to protect the delicate IDG's against
exceeding the maximum allowable temperature-dependent acceleration envelope.

Speed

F __,Servo 0 Clutch

Temperature

F=Frequency R= Resistance P= Pressure V-Voltage

Fig. 3
Clutch regulating Diagram

The Regulating Circuit Diagram shown above is identical for both the APU-Clutch and the
CD-Clutch. When regulating the APU-Clutch the GBCU processes the input signals RPM and
temperature of the R/H Gearbox while the resulting output signal operates the Servovalve
thereby regulating the clutch operation. When regulating the CD-Clutch the GBCU always
processes the lower RPM Signal and the lower Oiltemperature Signal of the two gearboxes.
The inductively generated RPM Signal is differentiated to represent the Actual
Acceleration Value.

The temperature value, which is sensed by a PTC-Resistor, determines the
Acceleration Set Value according to a predetermined Characteristic Curve. Subtraction of
the Actual Acceleration Value and the Set Acceleration Value generates an errot signal
which is processed in a PI-Controller. The resulting output signal operates the Servo-
valve which in turn operates the corresponding clutch.

In order to improve the regulating capability a Clutch Hydraulic Pressure Signal is
fed back into the regulating circuit.

There are several different operating modes for both clutches, The APU-Clutch and
the CD-Clutch can both be operated in the Modes "OPEN", "CONTROLLED" and "FIX CLOSED",
while the CD-Clutch can be additionally operated in the "OPEN INTERLOCKED" mode.

Normally, the APU-Clutch is "open" below Rated APU RPM. However, as soon as the APU
reaches Rated RPM the operating mode shifts to "controlled", thereby accelerating the
R/H Gearbox at maximum permissable rate. When Gearbox RPM and APU RPM are equal the
clutch enters the operating mode "fix closed" and hence provides the rigid connection
APU-R/H Gearbox while the APU is running.

The CD-Clutch stays "open" as long as the pilot leaves the CD-Switch in the "open"
position.
As the switch is placed to the "CD-AUTO" position, the clutch automatically shifts to
the operating mode "controlled" when the difference in RPM of both Gearboxes exceeds a
certain value and when at least one of the two Gearboxes operates at a certain minimum
RPM. This operating mode is true for example if a steady state Gearbox is automatically
started while the other Gearbox is already on speed or if a Main Engine is shut down
during flight. Thus, the regulated operation of the CD-Clutch enables the automatic RPM
equalization of both Gearboxes within permissable limits.
As both Gearbox RPM's are equalized the CD-Clutch automatically shifts to the operating
mode "fix closed".

I. SIM. . . . . . . . . . . . .
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In case, however, that the slower running Gearbox does not reach a certain minimum
acceleration value within 2,5 secs after beginning of the automatic regulating cycle
the operating mode "open interlocked" is automatically engaged. Simultaneously, the
fault signal "OVERLOAD" is generated in the GBCU, which results in the Illumination of
the corresponding fault light and triggers the MASTER ALARM.

3. DESIGN FEATURES

3.1 MECHANICAL CONSTRUCTION

The cast Aluminum Housing of the SPSCU is attached to the Airframe via four
shockmounts.

Fig. 4
The Secondary Power System Control Unit

One section of the Housing contains the 9 Printed Circuit Boards with all logic
circuits while the other section houses a plug-in type Chassis which carries the Power
Supply, the Power Relays and the Interface Circuit. All external electrical connectors
and all control elements are attached to the Frontplate of the Chassis.

All 9 Printed Circuit Eoards as well as the Chassis are plug-in type Modules which
can be easily replaced - without the need for special tools - after a cover has been
removed. The electrical connection between the Printed Circuit Boards and the electrical
components attached to the Chassis is accomplished by employing a Multi-Connector Plate
with the associated interconnecting wiring. This Plate, which is easily replaceable due
to its modular construction, is mounted in the lower part of the Housing.

All subassemblies of the SPSCU can be replaced without the need for a special post
radjustment or post calibration.

The SPSCU is hooked-up to the airplane via two electrical connectors which are attached
at tne Front Plate of the plug-in type Chassis.

3.2 ELECTROMAGNETIC COMPATIBILITY

In order to improve the EMC-Capability of the SPSCU a subdivision into a Power-
Connector and a Signal-Connector was mandatory. All electric wiring which is closely
associated with the 28 V Power System of the aircraft is fed into the Power-Connector,
while all wiring which has to conduct delicate signals and which is therefore shielded,
is fed into the Signal-Connector.
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The strict separation of the Signal-Wiring and the Power Wiring is continued inside
the SPSCJ. In the viciity of the Power-Connector a special k imber had to be installed.
This Chamber is very carefully shielded and houses the Power Relays for controlling
several external devices. All electrical connections between the components housed in
this Chamber and all other components in the SPSCU are consequently run via EMC-Filters.
Thus, the employment of the technique just described above and the additional careful
bonding of all components provide the SPSCU with a very high EMC-Capability. This EMC-
Capability, which is required according to ANAVIA Specs, 90001 and 90003 has been
successfully proved during previous Qualification Tests.

3.3 TESTABILITY

A third electrical connector, which is also attached to the Front Plate and which is
normally protected by a cap, is used for test purposes. This Test-Connector, which has
128 pins, enables the technican to perform the complete Acceptance Test or a Fault
Diagnosis down to Module Level without opening the SPSCU.

Even with the SPSCU still mounted to the airframe the Secondary Power System can be
tested with a Special Test Set via the Test-Connector, and, if necessary, a Fault
Diagnosis may also be accomplished. In addition 3 Push-Buttons are mounted on the Front
Plate. The Push-Buttons operate the BITE-System, which is divided into an APU-Section,
and a GB Right and a GB Left Section, The BITE-System monitors the dormant protection
circuits of the SPSCU. The results of the BITE-Tests are displayed on the Front-Plate by
8 LED's. Any faults occurring during the operation of the Secondary Power System will
also be displayed by these LED's.

In addition, the OR-Connection of each of the 8 possible Fault-Signals triggers the
Master-Alarm at the Maintenance Panel. However during BiTE-lesting the Master alarm in
the SPSCU is suppressed.

?.4 THE ALGORITHMIC STATE MACHINE

The most important functional task for the APUCU and the GBCU is to digitally control
and monitor the different operating modes in which both systems are engaged at that
moment.
For example the APUCU can assume the Internal States

INITIAL SLATE I
INITIAL STATE II
STARTING I
STARTING II
RUN UP
APU RUNNING and
STOP

Each one of the above mentioned Internal States is processed in conjunction with
the APU RPM, the corresponding Parameters and the Internal Time Monitoring Logic.
Also in each one of these Internal States certain characteristics of the Input Signals
are being monitored and Special Command Signals for actuating external components are
generated (for example the commands "Engage Starter" or "Close Master Fuel Valve" etc.).
The change-over from one State to the next can only take place at exactly defined Time
Schedule with the corresponding Input Signals assuming exactly defined conditions.

The GBCU controls the CD-Clutch in a similar manner, Here, the following, already
previously mentioned States may be assumed:

OPEN
CONTROLLED
FIX CLOSED
OPEN INTERLOCKED

The circuit arrangement technique employed for both, the APUCU and the GBCU is
called "Algorithmic State Machine".
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The Algorithmic State Machine

This means that all Input Signals being monitored are stored with a repetition
frequency of approximately 30 Hz at the rising slope of each Clock Pulse. Thus, the
signals gathered in conjuntion with a feedback operate a Programmable Read Only Memory
(PROM), whereby the Address Code represents the System State valid at that mome-It.

The multiude of all possible 2n Addresses at n address~its resembles the *otal of
all operating modes., Due to the specific program design the PROM Output Signals deliver
intelligent data for all possible operating modes, i.e. which State should be adopted
next and which decisions should be made with regards to the controlled output variables.

With the falling slope of the Clock Pulse this data is transferred to a second
memory where it is stored for further usage.
Due to this special design of the Logic the circuitry which determines the resDonse of
the APUCU and the GBCU is very flexible programmable and - because of its slowly clocked
function - very resistant against undesired noise.

As the system reponse can be programmed separately for each operating mode it is
readily possible to recognize - by employing the proper Software - any unrealistic
combination of Input Signals (for instance as in case of a fault, etc.).
It is also readily possible to initiate the corresponding countermeasures aid/or
generate the proper Fault Signal. Thus, an additional opportunity for monitoring the
internal unit function is provided.

3.5 POWER CONSUMPTION

During the SPSCU design state the attention was focused on low powe- cosumption. The
Application of the CMOS-Technique was thErefore adopted whenever possible. The PROM's

however operate with such unfavourable Power Consumption factors that the benefit of the
rest of the circuitry would have been nullified. So, in this case, a special circuit
design was necessary to compensate for the disadvantage mentioned above.
This was accomplished in the following way:

Due to the Clocked function of the Sequential Logic a PROM Information Signal is
generated each 30 msecs, however the actual Signal Read-Out Time is much shorter, namely
less than 2 ? sec.

Since a PGM does not lose its memory during a power shut down and since all output
data is immediately stored after it has been read, it is possible to switch off the power
supply to the PROM's during the relatiiely long time intervals between each read-out.
This action does in no way change the response of the Logic, but the Power Consumption
will be improved by the factor 15 x 103 compared to PROM's being continuously under
power. Thus, the benefits of the CMOS-Technique could be fully enjoyed.
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The RPM Monitoring of the APU and the Time Monitoring of the APUCU and the GBCU are
also accomplished digitally. In this case presettable Down-Counters are loaded by the
PROM's.

They determine all Times and RPM's with quartz-based accuracy. The advantage of
programming very flexible and of reducing the Power Consumption by switching off the
Power Supply to the PROM's between each Read-Out interval is in this case also
successfully utilized.

4. CONCLUSIONS

Finally, it should be mentioned that the SPSCU can be easily tested and maintained
without major difficulties thanks to the special eforts taken during the development
phase to the unit.
At this moment the following items are in the design stage or under construction or have
already been supplied to the customer:

A tester for the entire Secondary Power System for field use,
a Special to Type Test Equipment for the SPSCU and
the ATLAS Software for Testing and Trouble Shooting with Automatic Test Equipment.

Also during the design stage, special attention was paid to the very high demands
for environmental compatibility like Temperature, Altitude, Vibration, Shock, Acoustical
Noise, EMC, Contamination, etc. This was verified by t,,e relatively unproblematic
execution of the Type Approval Tests.

Since January 1978 the SPSCU is in series production for the Weapon System
PANAVIA TORNADO.

DISCUSSION

G.E.Davies, UK
How much power in watts do you save by switching the PROM power supplies'?

Author's Reply

Your question can be answered in two steps

(1) The APU and Gearbox sequencing circuitry contains two PROMs, each pulling approximately 140 milliamperes
from the 28 Volt supply through a series regulator. Continuous PROM operation would result in approximately
7.8 Watts power consumption. With the duty-cycle 2 ps/30 ms the consumption decreases to approximately
0.5 Milliwatts!

(2) The speed and time measurement circuitry of the APU Control Unit operates two PROM's which would
consume another 7.8 Watts, if not switched off.

During APU start-up three time measurements are taken. This means that one of these two PROMs is switched
on for a total of approximately 6 Microseconds and then stays switched off for the remaining time of system
operation. This saves additional 3.9 Watts.
The power for the APU speed measurement PROM is clocked (under worst-case-condition, which is "APU at

maximum speed") with a duty-cycle of 2 ps/I 42ps. This results in an actual consumption average of 0.5 Watts
and a saving of approximately 3.4 Watts.

In total the average saving in power consumption for the whole Control Unit due to clocked power for the
PROM's is approximately 15 Watts.

(-
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WITH AN ADVANCED VARIABLE CYCLE ENGINE

BY
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SENIG , ENGINEER - ELECTRONIC CONTROLS DEPARTMENT

AND
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PROJECT ENGINEER - ELECTRONIC CONTROLS DEPARTMENT
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SUMMARY

The need for high performance propulsion systems with wide operating envelopes has resulted in the design of ad-
vanced technology variable cycle engines. The sophistication of this type of engine design has resulted in increasingly
complex requirements for the engine control system as well as for engine components. Implementing the intricate
control schemes for an advanced technology variable cycle engine can be best accomplished using a full authority
digital electronic controller, The capabilities of the digital controller allow for safe and stable operation of the

engine while optimizing engine performance over the flight envelope. In addition, the flexibility of the digital controller
facilitates engine development testing by accommodating new engine component characterizations as they evolve and
by implementing special test functions that can be controlled by the test engineer.

This paper describes a program in which a full authority digital electronic controller is used as a tool in the develop-
ment of an advanced technology variable cycle engine, The concurrent development of an engine mounted digital
controller and an advanced technology variable cycle engine imposes unique problems yet provides several advantages.
These problems and advantages will be highlighted in the discussion of the control system development.

LIST OF SYMBOLS

DDA -- Detroit Diesel Allison
JTDE -- Joint Technology Demonstrator Engine
ATEGG -- Advanced Turbine Engine Gas Generator
EH-K1 -- Model Designation for Bendix Digital Controller
A/D -- Analog to Digital Converter
D/A -- Digital to Analog Converter
RAM -- Random Access Memory
ROM -- Read Only Memory

.1VCE -- Variable Cycle Engine
CPU -- Central Processing Unit
CRT -- Cathode Ray Tube

ti PROM -- Programmable Read Only Memory
EPROM -- Erasable Read Only Memory
PLA -- Power Lever Angle

LVDT -- Linear Variable Differential Transformer

INTRODUCTION

Preliminary design studies were conducted by Detroit Diesel Allison (DDA) to identify specific advanced technologies

that would satisfy future Navy and Air Force weapons system propulsion requirements, and these technologies are
being incorporated in the DDA Joint Technology Demonstrator Engine (JTDE).

The JTDE is a two-spool Variable Cycle Engine (VCE) incorporating the following technologies:

-- High performance, distortion tolerant fan

-- Variable flow capacity compressor

-- Staged combustors for nigh efficiency

-- Variable flow capacity high pressure turbine vanes

-- Variable flow capacity jet flap low pressure turbine vanes
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Plug-type primary exhaust nozzle

-- Advanced materials

-- Complete actuator/sensor/digital control system

The advanced development of these technologies was supported through the DDA Advanced Turbine Engine Gas Generator

(ATEGG) program with the ATEGG being a subset of the JTDE.

While the engine hardware was developed by DDA, the development of the digital electronic controller was the primary
responsibility of The Bendix Corporation, Energy Controls Division. The specifications for an engine mounted digital

electronic controller for the JTDE posed numerous hardware and software design challenges. The electronic controller
req'ires the interface hardware and softwere to control two compressor geometry loops, two fuel loops, two turbine

geometry loops and two exhaust nozzle loops. Hardware interfaces had to be designed to accurately measure engine
temperatures, pressures, speeds, and actuator positions (resolvers, LVDTs and potentiometers). In addition,
system safety requires that special attention must be paid to the reliability of the components used in the system to

insure the proper operation of the controller in the harsh engine environment of high temperatures and high vibration
levels. Other system constraints are that the engine parameter inputs must be read and the control computation com-

pleted at a high enough frequency to permit stable operation of the high response control loops, and extensive parameter
monitoring and health checks be made to insure fail-safe shutdown in the event of any out-of-tolerance condition.

To facilitate the concurient development with an advanced technology variable cycle engine, maintainability was a key
design parameter in the electronic controller's hardware and software. The controller hardware was partitioned into
functional modules to aid in quick fault isolation and module replacement. Similarly, the software was partitioned

into functional modules to aid in software verification and to allow for rapid accommodation of new engine component
characterizations. Another consideration was to include provisions for enhancing the testability of the system software
and hardware to aid in debugging problems which arise during the software verification and engine testing.

A block diagram of the JTDE/electronic controller is shown in Figure 1. The goals of the controller program described

in this paper were two-fold: improved engine performance through the use of the electronic controller on the JTDE and
the development of an electronic controller system that will be ready for production with the engine. The remainder
of the paper summarizes the program developments in the control mode, hardware and software design of the electronic
controller.

CONTROL MODE DEVELOPMENT

The development of an electronic controller concurrently with an advanced technology variable cycle engine draws
together an engine design program and control feasibility studies. With theuse of the digital controller, the engine

designers were able to take advantage of closed loop control of engine geometries and accurate steady-state governing
of the engine which was previously run manually. The control designers gained experience in applyirg control laws

to advanced, working hardware.

Control feasibility work proceeded in parallel with the ATEGG engine developrr nt and test program. As engine test
data became available, it was incorporated into the digital simulation models at ")DA. These mL 4els were used to

solve the multiloop control problems presented by a variable cycle engine with the resultant loop interactions. DDA
performed trade studies to determine which engine parameter could be most effectively controlled by each control

variable. Trade studies were also made to achieve a balaz.. between tne engine operational requirements and safe

operation in terms of steady-state and transient margins from surge, as well as mechanical and thermal limits. From
these preliminary studies emerged a definition of the control laws to be applied to the engine. Compromises were made

in the control mode as hardware and technological constraints were defined or became known. All minor (actuator

position) loops are closed through the digital ontroller in addition to the major (engine parameter) loops. These minor
loops presented some uique problems in ti-at some devices being controlled were ex.sting laboratory hardware which in

some cases were not well sized for digital control loops. In these loops, the dynamics of the digital computer become

significant and limit the realizable bandpass of the servos.

Once the minor loops had been sized, it was then possible to resize the gains in the major loops for the given control

laws. This was done on the ATEGG with classical techniques and linear descriotions of the engine. First, the fuel flow

loop was closed and designed to a desired set of stability margins. Then the geometry loops were sized to specific

stability inargins considering the fuel loop as - closed inner loop. When the loops were sized and their linear perfor-

mance known, nonlinear transients were again simulated at DDA and rerformanca verified. Figure 2 shows a block

diagram of the fuel control mode, and Figure 3 shows a typical actuator position loop.

In order to verify correct operation of the electronic controller prior to engine tests, a real time nonlinear engine
model was programmed on the Bendix hybrid computer with simulated sensors and actuators added to the model.

When the software coding was finished and had been checked in an open loop, the controller was moved to the hybrid

computer and used to close the simulated loops as shown in Figure 4. The closed loop system is then tested to insure

that the simulated system provides the expected frequency response and transient resuilts.
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The flexibility of the digital control has been evident in a demorstration program of this type. As the ATEGG has gone
through succeeding tests, the control mode has evolved from the original concepts, These modifications were accom-
plished by software changes. Prior to each engine test, the software updates are incorporated and checked in a closed
loop with the simulation for correct operation.

As the program progressed to the JTDE phase, a similar control law development process occurred. Because of the
complexity of the JTDE, the loop sizingprocess was performed by means of extensive nonlinear digital simulation
work at DDA. New control laws were then programmed in the electronic control by Bendix, and nonlinear hybrid
simulation of this system was also programmed on the hybrid con puter and used for software verification.

HARDWARE DEVELOPMENT

The digital electronic controller for the JTDE was designed and built using the technology available in 1975. A 16 bit
Bendix microprocessor (BDX-920) was used in the electronic controller to implement the sophisticated control 'node
of the JTDE. Adaptability was incorporated into the unit by designing the controller hardware to interface with the
ATEGG as well as the JTDE. To facilitate software changes during the engine development cycle, a 16000 word
reprogrammable core memory unit external to the controller housing was used. Prov;sions were included in the
controller housing for the final PTIOM/RAM or EPROM/RAM memory cards.

One of the main tasks of the electronic controller hardware is to make accurate and reliable measurements of the engine
parameters (temperature, pressure, position and speed) at a sufficient update rate for stable digital control. Accurate
engine temperature measurements are made by the controller by using voltage amplification circuits with cold junction
compensation on thermocouple Inputs. The pressure transducers are based on vibrating quartz crystals with on-board

temperature compensation. Either potentiometers, LVDTs, or resolvers are used for position feedback measurements
and magnetic pickups are used to supply frequency signals to the speed processing circuits. The EH-K1 electronic con-
troller hardware incorporates the following features:

-- CONTROL MODES -- CAPABLE OF CONTROLLING DDA JTDE
VARIABLE CYCLE ENGINE:

10 Modulated Torque Motor Drivers
5 Solenoid/Relay Drivers

3 Fault Indication Flag Drivers
12 Resolver Inputs

6 Thermocouple Inputs
8 Pressure Inputs
4 Speed Inputs

16 Discrete Inputs
2 Serial Digital Input Channels
1 Serial Digital Output Channel

18 Analog Input Buffers
3 Trim Potentiometers

-- LOW PO\N ER SCHOTTKY T2 L DIGITAL LOGIC FOR CPU

-- FAULT ACCOMMODATION

-- INTERNAL POWER REGULATORS MODULES AVAILABLE FOR ENGINE
ALTERNATOR, 115 V 400 HZ SINGLE PHASE OR 35 VDC POWER SOURCE

In addition to the requirement for high accuracy in the engine parameter monitoring, the electronic package design
must maintain the electrical components within allowable temperature and vibration levels in order to obtain the high
reliability required of the electronic controller. The electrical components are mounted on copper heat rail grids that
help to dissipate the heat generated by the components with additional cooling accomplished by circulating engine fuel
through the outer wa.ls of the controller. Special care was given to the mounting of the pressure transducer subassem-
blies to guard against exciting the vribrating element at its resonance. Additional vibration isolation of the controller is
provided through the use of shock absorbing engine mounts on the controller. The heat rail grids also provide extra
stiffness to the circuit modules to minimize board vibrations,

Figure 5 shows the backplane side of the Eli-K1 with the circuit modules removed. Figure 6 shows the circuit modules
mounted in the controller and Figure 7 shows the EH-K1 controller mounted on the ATEGG for testing.

The interfacing of the electronic controller with the engine occurs in three phases. Initially, ,he electronic control is

connected to the actuators with the engine shutdown for open loop teots. Loop stability and step response data is taken
to insure safe and stable actuator control. During the second phase, the electronic control is running "piggyback" on
the engine. At this phase, the engir -unning is accomplished from a manual test console. The electronic control is
monitoring "live" engine parameters, but the actuator commands and feedbacks are closed through an analog loop
closure box which simulates the engine actuators. The third phase is the actual control of the engine with the electronic
controller. Figure 1 is also indicative of the engine test set up.



Many advantages accrue in hardware deuin because of the parallel development of the electronic controller and the
JTDE. Obviously, the experience gained through .zngine testing identifies any problems in accuracy or reliability
resulting in improvemei ts that can be incorporaled in the present design or in subsequent projects. This applies to
both the electronic controller internal hardware and the electro-pneumatic or eleccro-hydraulic engine actuators.
Other, not so obvious, advantages are afforded to the engine development by the electronic control. Extra margins of
safety in the engine operation are possible with the electronic control because of the extensive parameter monitoring
capabilities for out-of-tolerance injyts, programmed limiters to guard against exceeding temperature, pressure, or
rotational limits during transients, and fail-safe switchovers from the electronic control to a backup unit of a critical
failure has bee, detected. In addition, the repeatability of data is enhanced through the use of the electronic controller
when compared with manual control. Accurate steady-state governing of the engine can be maintained while the effects
of excursions of individual engine actuators are investigated. Precise, repeatable acceleration and deceleration rates
can be implemented also.

SOFTWARE DEVELOPMENT

The software implementation of the control mode for the JTDE and ATEGG was written in the Bendix BDX-900 series
assembly language. The software is based on structured programming with the control code divided into functional
modules which implement selected parts of the entire control. In addition, numerous macro definitions were programmed
for repetitive algebraic and logic sequences used in the control mode. The modular implementation of ihe control code
and supporting code greatly facilitated the initial coding effort, the debugging effort and also subsequent control code
updating of the software.

The software in conjunction with the peripheral hardware and interfaces, perform the following functions:

-- Control mode computation in accordance with the control mode specified.

-- Input and output processing including reasonableness checks, redundant sensor
switching, and parameter synthesis.

-- Diagnostic checks of reference voltages, I/O interfaces, CPU and memory.

-- Real time interactive capabilities including operator control of engine geometry
actuators and monitoring/modification of selected control variables.

The control software Is designed to run in a real time environment with 'he priority requirement being the control of
Lhe engine. Two interrupts are implemented in the system as shov\n in Figure 8: a power-up interrupt and an interval
timer Interrupt. The control software structure is comprised of modules falling into four functional areas:

• Executive - Interrupt Level Response

Maintains revl time reference of control solution in conjunction with the
hardware interval timer

-- Services synchronous functions: A/D inputs, D/A outputs

-- Initializes operation in response to power-up interrupt caused by system
power-up or a mode select switch

• Executive Monitor

-- Invokes the control computation at the beginning of each 20 millisecond
solution interval

-- Schedules execution of background tasks in the tiwe remaining after control
computation

• Control Tasks

-- Processes inputs

-- Performs computations required for cortrolling fuel flows, compressor
geometries, turbine geometries and nozzle areas

-- Detects faults and takes appropriate actions

-- Computes outputs to be plotted and synthesis parameters

. Background Tasks

-- Invokes the interactive module that allows real time monitoring and

modification of selected input or outputs

-- Invokes software diagnostics: CPU check, memory chcvksum, and RAM check
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One of the strengths of implementing a digital elbetronic control is the ability to incorp ,ralk special features in the
software to aid in control mode verification as well as engine development. Also included a;re provisions for rapidly

incorporating new data into the controller software. The following list of special purpose sotware modies is included
as an example of the types of functions implemented in the electronic control software to enhance tLe e.igine/control
system development.

MIACT Interactive parameter monitor and modifier module. Allows RAM vzdue, for
system variables, inputs, outputs and intermediate rates to be monitored and
modified from the CRT.

MBOLD Background Bendix On Line Debugger. Allows for real time modification of any
core memory location from the CRT.

MIHIS - Histogram module. Provides for statistical da, % gathering of system
variables.

MXYPL X -Y Plot Muoule, Calculates output value for real time plotting of
systom variables.

MRAMP - Ramp module. Allows system variables to be ramped up or down with a

selectable increment until the desired limit is reached.

MSA - Sine Wave Addition Module. Provides the capabilit/ to add an external signal
to a system variable for frequency response testing.

MXFER - Transfer module. Allows the electronic control to assume engine control
from the backup unit for engine start up or at engine idle.

MPLAC - PLA cycle module for cyclic endurance. Allows for a prescribed number of
engine accel and decel cycles to be run with the accel rate, time at max speed,

decel rate, and time at min. speed adjustable by the programmer/engineer/
test operator.

The digital capabilities of the electronic controller also allow for extensive health checks of the control system to

insure safe engine operation. Redundant inputs, as well as rate and range checks on all engine parameter Inputs are
used to insure the health of the input signals. Critical internal hardware circuits of the electronic controller are

monitored by the software to insure the hoalth of te controller hardware, and checks of the RAM, ROM and CPU
are performed to insure the health of the CPU. All failure flags in the software are polled in the control software to

determine the health of the system. If a critical failure is determined to have occurred, actions are initiated by the

controller for a fail safe switchover to a manual backup controller to protect the engine from possible damage. The
number of health checks performed as well as the speed at which they are checked provides a larger margin of safety

to the engine than afforded by a manual "panic" button.

CONCLUSIONS

The use of a flight worthy digital controller early in the development cycle of a Variable Cycle Engine gives benefits

both in the flexibility of the engine test schedule and in evolving a digital controller which will be ready for production

with the engine. The techniques and experiences gained in the concurrent development provides a maturing of the

state-of-the-ar' for both hardware and software needed for th, high performance propulsion control systems of the
80's.

In order to meet the increasingly more stringent goals of the dexelopment of a VCE, new technologies are presently
being developed at Bendix. A lighter flight worthy digital controller in a dual configuration implemented with a single

chip 16-bit microprocessor is being developed. New quartz capacitive pressure transducer modules have also been

designed which overcome previous transducer problems. Neu technologies are also being developed for implementing

modern multivariable control laws for solving the engine control problem and for incorporating Low Cycle Fatigue

calculations in the electronic controller.

The concurrent development of the digital controller and the Variable Cycle Engine will result in the realization of

the goals for an advanced propulsion systems of improved ogine performance, stability, hot section life and fuel

economy. It will also result in an increase in the control system reliability while reducing system weight, intial

cost and maintenance cost.
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FIGURE 5. ELECTRONIC CONTROLLER WITH CIRCUIT MODULES REMOVED
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FIGURE 7. ELECTRONIC CONTROLLER MOUNTED ON ATEGO
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DISCUSSION

J.Dunliam, UK
What is your back-up system?

Author's Reply
For the JTDE, which is a development engine being tested, the backup unit is simply a mechanicdl handvalve test
fixture to bnng the engine back to idle speed if a switchover from the electronic controller has occurred. This
system is not for production but used only for the testing program.

B.J.Cocking, UK
Could you tell me how many sensors would be interfaced to a production unit, and how this number affects the
MTBF of the unit.

Author's Reply
The electronic controll r was designed to interface both the ATEGG and JTDE as well as additional growth possib-
ilities. Thus it has provisions for approximately 50-60 inputs. The new projects that are working on have approx-
imately 20 inputs in a dual redundant mode and we are trying to achieve 8000 hrs MTBF.

J.Legg, UK
Are quartz sensors still requiring individual calibration cards?

Author's Reply
Yes. In the pressure transducer systen used for this program, each transducer has its temperature calibration data
programmed into its own piom card. If you iiange a pressure transducer element, you must also change the
associated calibration prom.

M.J.Joby, UK
(I) One of the most difficult gas turbine paiameters to mea.,ure is pressure: Could you indicate the accuracies of

measurement set as design targets, and whether you achieved these?

(2) Over what temperature range was this achieve,

Author's Reply
(1) As I Indicated in the paper, the pressure ineasurenent is made by using a vibrating quartz crystal whose period

is modulated by the pressure I believe tile design target accuracy was 0.5,t of point. We came close to this
target by being between 8 to .5% of point.

(2) The module is bench tested from 50'C to 100'C and retains this accuracy. For engine testing of the JTDE,
the environment has not approached these temperature extremes. One thing that we have tried to look at is
the long term drift of this type of transducer over tine and we are developing a quartz capacative transducer
that will not be subject to this long term drift.

t).Schmidt, Gt-

You meltioned In your conclusions that you are developing new technologies for the introduction of moden)
multivariable .ontrol theories to solve the elgine s ontrol probleiis. Of course this question if of theoretkal and
aiademc interest But which pntical improvernentv do you expect from this development?

Author's Reply
We are jtIst beginning to look at the use of modern multi- ariable conti ol theory and at tis point I don't have anyt

practical experience that would indicate the advantages that may occur

S.R.Tyler, UK
('uid tile authors please give 1ihforniatieo on positional accuracy of tile noz~c position tiansdu.ers and the
temperature at which they are required to operate.

Author's Reply
t he nozzle position trimdu .ers are sinpl high temperature potentiometers SinlCe thesL potentiomctcrs 'ele

sting haidware at Detroit Diesel Alihson, and specified by them. I do not hase the figures for the temperaturc
railge that they are designed for



NOUVEAU SYSTEME DE COMNDE DE DEBIT DE CARBURANT POUR PETITES TURBOMACHINES
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Les petites turbomachines utilisdes comme, syst~mes de d~marrage ou groupes autonomes de puissance n~cessitent
des dispositifs sp~cifiques de coimmande de debit carburant. Apr~s avoir rappeld les contraintes qui leir sont
propres et lea diffdrentea solutions possibles, on donne le principe et l.e fonctionnement d'un syst~me origi-
nal. Celui-ci eat constitud d'une 6lectropompe, dont on fait varier la vitesse par un dispositif dlectronique
et d'un r~gulateur simplifid de pression diffdrentielle. Les principaux probl~mes rencontrds au cours de la
mise au point de deux applications particuli~res sont d~crits ensuite.

1. PRESENTATION

Le syst~me de contrble de carburant qui vs vous dtre pr~sent6 a 6td d~velopp6 par Is Soci~t6 MICROTURBO
pour r~soudre lea probl~Mes sp~cifiques de sea petites turbomachines. Celles-ci r'.,t dcs puissances thermiques
sur arbre de l'ordre de 400 kW et sont utilis~es en tant que

- systi-mes de d~marrage
- groupes autonomes de puissance (GAP.)
- r~acteura

Nous ne parleron: pas ici des rdacteurs, car ceux produits par MICROTLRBO, dtanL du type simple corps,
simple flux et tuy~re fixe, ne pr~sentent pas de difficultds particuli~res pour leur r~gulation. Ce syat~me
a fait l'objet d'un brevet. Avant de d6crire le Principe, le fonctionnement et lea probl~mes particuliera
rencontr~s au cours de Is mise au point, nous vous pr~senterons bri~vemenL

- lea particularit~s des petites turbomachines
- lea principaux: syst~Mes de contrble de carburant utilisables
- lea motifs qui nous ont conduit au d~veloppement du nouveau syst~me

2. PARTICULARITES DES PETITES TURBOMCHINES

Pour fournir une puissanc.e de quelques centaines de kilOWa~tl, il suffit d'un d~bit d'air de quelquea
kilo/aeconde et de vitesses de rotation de l'ordre de 50 000 tr/mn. Le faible debit et la grande vitessej des inerties m~caniques tr~s petites. Ces machines ont donc des temps de r~ponse tr~s courts et des taux
d'acc~ldration extremement importants. Il n'est pas rare, en fonctionnement normal, d'accepter des acc616-
rations de l'ordre de 10 000 A 20 000 tr/mn/s, et on comprend alors Ia n~cessit6 d'une regulation tr~s ra-
pidt: et pr~cise.

Pour llavionneur. un SySt~me de d~marrage ou un G.A.P. sont des 6quipements presque mineurs, et il faut
donc z~duire au maximum leur masse, leur encombrement et leur co~it. Le nombre des fonctions de controle et
de s~curitd n'est pas proportionnel A la taille de la turbomachine et eat pratiquement le m~me pour une
"1petite" ou une "grosse" turbomachine. Plus la turbomachine devient petite, plus la part relative de sea
propres "dquipements, en ce qui concerne la masse, l'encombrement et le prix, devient importante. On eat

donc conduit A rechercher un syst~Me de contrble comportant un nombre minimal d'616ments simples, fiables
et performants. Pour fixer lea iddes, nous allons vous indiquer lea param~tres principaux de deux groupes
typiques.

Tout d'abord, un syst~Me de d~marrage qui fournit, sur son arbre de sortie, une pjiaaance m~canique de
150 CV A 6 600 tr/mn entre - 45'C et + 45'C. La puissance rassaique de sortie eat de Ilordre de 5 CV/kg, la
puissance thermique interne dtant de l'ordre de 250 kW Ce groupe a une puissance de sortie 3 fois plus
grande, A masse 6gale, qu'un groupe aimilaire d~velopp4 il y a une quinzaine d'anndes. Il doit atre capable
de passer de la vitesse nulle A sa vitease nominale en quelques aecondes.

Le second exemple eat celui d'un G.A.P. qui fonctionne entre - 400C et ISA + 30*C, jusqu'A une altitude
de 9 000 m, en fournissant une puissance m~canique de 200 CV et tin ddhit d'air de prdl~vement de 0,5 kg/s.
Il a une puissance thermique interne de l'ordre de 450 kW pour une masse totale du caisson de 80 kg.

11 eat bien dvident que lea specifications de ces deux syst~Mea different du fait de leur utilisation
Pour le syst~Me de d~marrage, par exemple,, on ne considbre pas coimme pr~pond~rante sc, consommeation spdcifi-
que puisqu'il ne fonctionne que qLelques dizaines de secondes. Sa vitesse de rotation na pas besoin d'ftre
r~gulde &vec une grande prdcision, mais par contre, on lui demande de d6marrer s~rement quelles que soierit
lea conditions de temp~rature, et d'amener le plus vite possible le rdacteur A son rdgime de ralenti Cosine
il ne sert que peu de temps, a masse et son encombrenient doivent 9tre r~duita au strict n~cessaire. Le
G.A.P., quant a lui, devra avoir une WUS~OzMnation sp~cifique r~duxte, ftre capable de fonctionner dans une
large enveloppe et, cosine il entraine le plus souvent des alternateurs, avoir une r~gulation de vitesse prd-
cise,

Quel que soit le type de petite turbomachine. le aysteme de r~gulation de carburant qui. la ccmmande doit
assurer le contr~le des trois phases principales de fonctionnement

- l'allumage

- l'accdldration

- le r~gime nominalI



Sur la figure 1, ci-contre, on a reprdsentd, en traits

plains, la quantitd de carburant A injecter, en r4gime

dtabli, en fonction de la vitease.

Bien entendu, dans la rdalitd, il n'y a pas une courbe
unique, mais un faisceau de courbes, car la consomma-
tion vanie, pour urt maxne r~gime de rotation, entra au-

0 - tres, en fonction de la tempdrature de l'air ambiant
et en fonction de la charge de la macnine.

La courbe en trait pointill6 repr~sente la quantitd de
carburant qu'il faut injectar pour accEl~rer. Le pre-
mier point critique est la d~termination de la zone
d'allumage. Il faut en effat r~aliser celul-ci le plus
vita possible pour deux raisonsa-

- si onl aLLume A vitesse deav~e la flamme a tendance
A A-tra "soufflde" A L'ext~rieur

- si on alluine tardivement, tout la carburant qui a
dt6 inject6 dapuis la d~but de La s~quence a'enflamme
brutalament et on obtiant en g~n~raL une sortie de la
flaime at une extinction

On est donc conduit A avoir, au point d'allumage un dE-
bit faible. Or la technologia des injecteura eat talla

Zone dbt~umoge que pour Les faibles d~bits, l'angLe de pulvdrisation
n'aat convenable que si:

// - le d~bit d'entrde eat grand dana le cas d'injec-
teura A prEls'-vement

Or Is L pression eat grande dana le cas d'injectaurs
/ directs

Le deuxiZme point d~licat eat la d~tcrmination de la
0 a "marga" d'accEl~ration, clest-.h-dire de !s quantit6

Isuppl~mentaire, par rapport au r~gime 6tabli, qu'il

N' a rNN N taut injectar pour accdldrer. Si elle eat trop faiblaNa Nr NNla machine ne diverge pas ou le d~marraga eat trop long
at si eLLe eat trop forte, on peut avoir soit une ax-

Figure L Courbe Q f (N) tivction par excba de richasse, soit m,'me un po~r.;age
si llaccAELdration du mobile eat trop grande.

3. rRINCIAUX TYPES DE SYSILMES DE CARISURANT

Pour d~finir Las diffdrenta ayst~mes utilisables pour Lea patites turbcmachinLs, il faut examiner d'abord
lea El6ments c.onstitutifs.

3.L. Eldments constitutifs

Un circuit de carburant queLconque comprend assentiaLLament Lea organes auivanta
- "v organa g~ndrateur de d~bit de carburant
- in ou plusieura organes de r~gLage
- un organe r~cepteur ,la rampe d'injection

3.1.1. Organes gdn~rateurs

11 s'agit des pompas A carburint qui peuven. (tre
- soit entraindea m~caniquefinn par Ia turbomachina
- aoit entrain~es par un moteur

La premier type n~cessite un r~ductcur de vitassa entre la turbomac1 line et La pompe et prd-
aenta un inconv~nient dfQ A son Principe. En affat, pour pouvoir allumer la machin, t l'accEldrer, on a be-
soin d'un d~bit important A baase vitassa, ce qui condl,iL I un d~biL surabondant au r~gime nominal. 1L faut
donc, en ce point, by-passer La majoritd du d~bit fourni.

Les pompea entraindes par un moteur 6eactrique peuvent prdeanter aussi certaina incunivdnian a
aurtout dana le cas d'un syst~me de d~marrage. L-ur d~bit d~pend en affet de lai tansion disponibla A la bat-
teria pendant la di~marrage et celui-ci paut varier dana de tr~s grandes limites, et ceci d'autant plus que
la tempdrature modifie lea caract~ristiquas de la batterie et la viacosit6 du carburant.

3.1.2. Organes de r~glage

On peut distinguer
- lea r~gulateurs mdcaniques dont I 'example Lypique simple eat la r~gulateur centrifugL
- Les r~guLateurs pneumatiques
- lea r~gulateurs "dlectro-nydrauliques" tels qua las servova1'ves

On salt qua les rdgulateurs m~caniquea at hydrom~caniques ont Wt utilisds pendant de nom-
breuses anndes. Leur principe eat, en g~ndcaL simple, mats leur r~alusation at Laur r~glaga sont souvent
dELicats, cc qui conduit a un prix de ravient souvant prohibitif.
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Les servovalves ont fait ljobjet, pendant de nombreuses annA-es, d'une suspicion due A leur fragilitd. Elles
sont isaintenant parfaitement au point, mais leur technologie conduit A des usinages tr~s d~licats, donc A
des prix trop dlev~s et sont aussi, de ce fait, sensibles A la pollution du carburant.

3.1.3. Organes r~cepteurs

En ce qui concerne les petites turbomachines, on n'utilise que deux types d'injecteurs
- les injecteurs directs
- les injecteurs "A prdl~vement" ou "A retour"

Les premiers Ort l'svantage d'atre extr~mement simples et donc fiables et peu cociteux. Nous
avcns d'ailleurs utilis6, dans une application particuli~re, de simples injecteurs directs employ~s norma-
lement dans les brfileurs de chaudi~re de chauffage central

Maihenreusement, ce type d'injecteur n'a de bonnes qualitds de pulv~risation que si le rap-
port entre le debit maximal et le d~bit minimal A injecter est de l'ordre de

Q max 3
Q min

Les injecteurs A prdl~vement sont donc ndcessaires dans la majorit6 des cas. La Soci~t6
MICROTURBO a fait un important effort d'industrialisation pour produire, A des prix cotsp~titifs, des in-
jecteurs de ce type, ayant d'excellentes caract~ristiques de pnlvdriration afin de pouvoir les utiliser
dans la majoritd des syst~mes produits actuellement.

3.2. Architecture de guelgues systmes

Nous allons prdsenter bri~vement trois syst~mes qui ont 6t utiiisds par MICROTURBO.

3.2.1. Syst~me "pneumatique"

11 comprend, d'amont en aval, ainsi qn'indiqu6 en planche 1
- une dlectropompe dont la vitesse est r~gulde A + 5 % par un contacteur centrifuge incorpor6

an moteur
- un dlectrodistributeur dont l'alimentation dlectrioue est commandde par une capsule placde

dar.s le bloc rdgulateur et permet de n'injecter du carburant que lorsqne une certalne pression r~gne dans la
chambre de combustion

-un I"
10c de r~gulation dont la disposition ept telle que le debit de carburant est asservi b

la pression P2 rdgnant dans la chambre de combustion

u une rampe d'injecteurs directs spdciaux. II s'agit en effet d'injecteurs comportant un cla-
pet tar6. Les r~gilages des clapets des huit injecteurs sont d~cal~s les uns par rapport aux autres de ins-
ni~re A ce que, an fur et A mesure que la pression fournie par la poinpe augmente un nombre grandissant d'in-
jecteurs se mettent A pulv~riser. Le piincipe de ce syst~me est tr-%s simple. Il faut noter cependant que le
d~bit' 6tant asservi A la pression P2 r~gnant dans la chambre et que celle-ci vanie avec la temp6rarure et
l'altitnde, on n'obtient pas une vitesse de consigne fixe ce qui, dens lapplication ddcrite ici et qui con-
cerne un syst~me de ddmarrage, n,'s pas une importance primordiale. Les probl~mes rencontrds sont d'ordre
technologique :, tout d'abord an niveau des injecteurs dont I& fabrication et. le rdglage sont d~1.icats, en-
suite au niveau de la rdgulatiOnI centrifuge du moceur de la pompe dont les aractdristiques dvoluent dans le
temps,

3,2.2. Syst~mes dlectrohydrauliques

I Deux variantes ont dt successivement employdes, toutes deux utilisant des injecteurs A prdl -
vement.

3.2.2.1. Syst~me A 6lectropompe

4 Ainsi que le montre la planche 2, ce syst~me comprend

-une 6lectropompe A vitesse non r~gul~e et comportant un r~gulateur de pression dont
la foncionnement est associ4 a un rdgulatenr de d~bit

-un r~gulateur de debit qui ne peut fonctionner seul car il ne peut pas by-passer
de debit. Pour maintenir le debit dans la fourchette de r6glage (de 145 A 155 1/h) 11 modifie la pression
r~guant A son entree et celle-ci, en se rdpercutant sur le r~gulateur de pression mont6 en amont, permet A
ce dernier de by passer le debit excddentaire

- une servovalve . Celle-ci eat plac~e en sdrie dans le circuit de prdl~vement des
injecteurs. Conssandde par un boltier dlectronique, ella "ouvre" ou 'ferme" plus ou momns le circuit de re-
Lour au rdservoir. Son circuit pilote hydraulique est pris diractement sur la circuit normal dtant donna q-eIls diff~rencas da preasion entre Ventrde et la sortie sont faiblas.

-une racmpe d'injecteurs A pr~l~vement
Ce systlme a r~vCld 3 l'usage un excellent comportement et a mame parmis, par de simples r~glages, d'tre
adaptd a un sysLme dte ddmarraga qui davait 3tre capable de fonctionner en altitude. 11 comporte malheurau-
sement beaucoup ddldments et certains sont fort co~iteux cotne, par axempla, la servovalva.

3.2.2.2. Svst~me a pompe entraln~e

Celui-ci, ddcrit I Ia planche 3, comprenait

-une pompe entrain~e, A travers un r~ducteur. par la machine. Pour permettre le d6-
marrage cette pompe tournissait. au r~gime vominal, un ddbxt 6norma de l'ordre de 900 I/h, sous une pres-I, sion de 16 bars.



- un bloc hydraulique constitud lui-m~me de l-tv 6l6ments
" une servovalve placde comme pr&4desnent dans le circuit de prdl~vement
" un clapet diffdrentiel ; celui-ci dtant rendu n6cessaire par le fait qu'il

n'existe pas,, sur le marchd frangais, de petites servovalves capabies de fonctionner sous une diffdrence de
pression de 16 bars.

- une rampe d'injecteurs ai prdl~vement. Ce ayst~me dtait compact, mais prdsentait
encore des inconv~nients dus A la servovalve. Celles-ci, en effet, ant un debit de fuite non nul qui peut
conduire, dans certaines conditions climatiques, A des d~marrages avortds par extinction pauvre. De plus,
le probl~me du prix de revient de cet 616ment restait posd.

4. MO0TIFS DU CHOIX DU NOUVEAU SYSTEME

L'exp~rience acquise en exploitation par lea syst~mes d~crits ci-dessus avait permis de ddfinir stirement
deux des 616ments constitutifs, A savoir

-les injecteura A retour
- 1'6lectropompe

L'organe rdgulateur ne pouvait dtre :ni une servovalve, car cet 616ment est cher et sensible A la pol-
lution, ni un r~gulateur pneumatique, qui ne permet pas de contr8ler avec pr~cision la vitesse de la machine.

Cest alors qu'eat n~e l'idde de repartir ia fonction de contr8le entre deux 6l6ments:
- 1'Eiectropompe qui, 6tant un El6ment 6lectrique, peut dtre consaand~e par une dlectronique de r~gulation
- un clapet diffdrentiei, qui va jouer le role d'un amplificateur hydraulique. Ce dernier El6ment peut ne

pas paraltre n~cessaire puisque en faisant varier la tension aux bornes de i'61ectropompe, on fait varier le
d~bit. Mais lea caractdristiques des injecteura A prdl~vement sont telles que pour obtenir une variation
subatancielle du d~bit injectE, il faut faire varier de mani~re importante la permdabilitd du circuit de pr6-
l~vement. Ce qui revient A dire qua le gain AQE/tiQI eat faible, QE dtant le d~bit d'entrde de Is rampe, et
QI le ddbit inject6. On pourrait s'en contenter, mais cela conduirait, pour rdaliser lea variations de dd-
bit injectd de 1'ordre de 6 A 10, que ion rencontre commun~ment, A demander A la pompe des variations de
d~bit de l'ordre de 20 A 50 ce qui conduirait A une Eiectropompe trop encombrante et trop lourde.

Il faut noter qua dans le cas o6i Von peut utiliser des injecteurs directs, on peut alors se passer du
ciapet diffdrentieli et on eat conduit A un syst~me particuli~rement simple puisque ne comprenant qu'une
dlectropompe comrnandde en tension et une rampe d'injecteura.

5. PRINCIPE ET FONCTIONNEMENT DU NOUVEAU SYSTEME

Le syat~Me comporte donc
- une partie dlectrique comprenant une 6lectropompe A vitease variable coammandde par un boltier Electro-

nique
- une partie hydraulique coisprenant
* un clapet diffdrentiel

une rampe d'injecteurs A pr~l~vement

5.1. Partie hydrauiqcue

Le clapet diffdrentiel proprement dit eat constitud conane indiouE aur ia planche 4. On voit qu'il
eat rdalisE tr~s simpiement et "ouvre" ou 'ferme" le circuit de retour en fonction de is diffdrence de pres-
sion A sea "bornes". Ii eat branchd en paraii~ie sur Is rampe d'injection et eat danc soumis A ia diffdrence
de preasion PCE - PCR. Tant que cette diffdrence de pression eat infdrieure A leffort du reasort, le cir-

A cuit retour eat ouvert et prdsente une permdabiiitE maximale. Loraque le d~o,' d'entrde augmente la perte
de charge de la rainpe d'injection augmente. Au moment oti cette perte de charge devient Egaie A leffcrt du
ressort, le clapet diffdrentiel comence A agir en fermant le circuit de retour.

11 faut remarquer ici is technologie de lorgane de r~glage qui

Section efficace eat constitud par un pointeau p~ndtrant dana un si~ige cylindri-
que. En effet, si ion trace la courbe de is section efficace de
pussage en fonction de ia distance entre lea deux organes, on ob-
tient un. courbe de la forme indiqude ci-contre, qui montre que
le gain ij syst~me nest ps lintaire.

On peut tracer en laboratoire lea caractdristiques de is rampe
d'injection et du ciapet diffdrentiel, mais cea courbes sont
d'un empli peu pratique.

11 vaut mieux tracer lea caract~riatiques cornpitea de lensemble
sous ia forme d'une courbe Ql f (QE) qui eat beaucoup plua par-

X 1-ante.

On trouvera Ai la pianche 5 une telie courbe et ion remarque im-
m~diatement ia non 12ndarit6 du ayat~me:

- pour lea falbles QE, ie gain 21 eat faible
A QE

Disanc - pour lea forts QE, le gain 'Q eat grand
Contrairement A ce qu'on pourrait penser, cet aspect est favo-
rable.



En effet, on a un gain minimum pour les QE et QI minimaux, clest-&-dire pendant ia phase d~licate de l'allu-
mage et de l'accdldration, et ion dispose des gains maximaux pour les forts debits, c'est-&.-dire aux alen-
tours de Ia vitesse niininale, I& o~i, justementj ii faut assurer le meilleur contrble de la viteise.

11 faut noter que Ia partie quasi horizontale de Ia courbe ddpend essentiellement du circuit de retour. Ccci
revient dire que si les pertes de charge dues aux tuyaux, raccords, clapets... etc, sont sensibles, ou
bicn si le circuit de retour eat pressurisd, on translate la courbe vers le haut et on arrive ainsi A avoir
des ddbits trop grands pour assurer un allumage correct.

Comparons maintenaint les courbes QI = f (QE) obtenues pour divers r~glages du ciapet diff~rentiel A Ia courbe
de consommation N = i (QI), on remarque que ces courbes ont une allure g~n~rale similaire. (pianche 5)

La diffdrence entre les deux r~glages provient d'n diffdrence entre lea valeurs des diff~rences de pres-
sion auxqueiles le ciapet entre en action. On remarque que dana la partie de variation de courbure, celie-ci
eat plus faible pour le r~glage de diffdrence de pression le plus 6levk et conduira donc A une accdldration
plus r~guii~re de La machine.

On a donc int~r~t A choisir un r~glage du ciapec diffdrentiel aussi 6lev6 que possible aux deux conditions
suivantes pr~s:

- qu'ii permette une accdl~ration suffisante de la machine jusqu'A La moiti6 de la vitease nominal-
- que le plein rdgime de la machine soit obtenu pour des valeura de QE raisonnables c'est-A-dire ne con-

duisant pas A surdimensionner i'6icctropoimpe.

5.2. Partie dlectrigue

L'interface entre la partie hydraullque et la partie 6lectrique eat assur~e par l'dlectropomnpe.

5.2.1. Electropompe

Ceile-ci eat compos~e d'une classique pompe A engrenages, donc du type volumtrique, entrai-
nde par un moteur dlectrique A excitation ind~pendante. On sait que pour un tel moteur, si 1lexcitation eat
constante, Ia vitesse de rotation, et par 1A, le ddbit de carburant fourni par Is pompe, est une fonction
quasi lindaire de La tension qui alimente l'induit : QE = f (UP).

Il faut noter d~s maintenant que si en fonctionnement normal autour du point de regulation
peut considdrer que la tension d'excitation eat cunstante, ii en va tout autrement pendant la phase de d~mar-
rage, En effet, celui-ci est gdn~ralement rdalis6 par un moteur 6lectrique puiseant et ayant donc une consom-
mation importante puisque de l'ordre de quelques centaines d'amp~res. Celie-ci entralne donc une chute de ten-
sion importante de la source et il eat frdquent, en particulier bora de d~marrages r~alisds sur batterie, de
voir Ia tension descendre A 60 %. de la tension nominale. Ce ph~nom~ne peut atre particui~rement g~nant puis-
que pendant la phase ddlicate du d~marrage, toutes lea fonctions de transfert, y compris ceile de la pompe,
vont 6voluer.

Fort heureusement, le moteur se comporte cosmic uii moteur shunt et a vitesse augirente donc
loraque l'excitation diminue ce qui provoque donc une sorte "ld'auto-compensation". Pour pouvoir fournir le
debit maximum de 200 i/h sous une pression de 12 bars en tenant compte d'un rendement global de 0,4, il faut
disposer d'un moteur d'une puissance de i'ordre de 240 Watts, soit une intensitd maximale, pour une tension
d'alimentation de 24 V, de l'ordre de 10 smp~res.

5.2.2. Ddcoupeur

Un courant de 10 amp~res peut @tre actuellement facilement commandd par un transistor. Celui-
ci peut atre uitilisd, soit en "ballast", c'lst-.&-dire se comporter grossi~rement comae une resistance va-
riable, soit en "dkcouper%, c'est-A-dire fonctionner en "tout ou rien".

La deuxibme solution eat La plus avantageuse au point de vue de la dissipation thermique et
permet d'augmenter is suretd de fonctionnement du transitor et de diminuor la masse du radiateur chargA
d'dvacuer les calories. En effet, dans le fonctionnement en ballast, on eat amend & dissiper dana le transis-
tor La diff~rence entre Ia puissance d'entrde, c'est-A-dire le produit de La tension batteric par le courant
absorb6 par le moteur, et la puissance aux bornes du moteur.

Or, cosmic Von doit atre capable de fonctionner m~me avec des tensions d'alimentation relati-
vement basses, on est amend A choisir un moteur capable de fournir le d~bit maximal A la sortie de la pompe
pour une tension de L'ordre de 22 A 25 Volts. On doit donc dissiper au minimum 40 Watts dans le ballast. La
dissipation eat encore plus dlevde pendant La phase de d~marrage o~i P'on desire des d~bits plus faibles. Par
contre, dans le cas d'un transistor travailiant en ddcoupeur, on ne dissipe que

- la puissance perdue du fait de la chute de tension collecteur-dmetteur pendant que le tran-
sistor est conducteur (soit I.VCE)

sant& l'tat- la puissance perdue par lea pertes de commutation lorsque le transistor passe de l'dtat pas-
santA 1'tatbloqu6 et inversement. En choisissant bien le type de transistor uLils, on peut rendre ces

pertes extr~mement faibles.

Nous utilisons des transistors Darlington de technologie Mesa triple diffusion pour lesquela
on a:

- un temps de montde tr =0,4 ps
- et un temps de descente tf = 0,9 ua

Pr6sent6 en boitier T03 JTumbo, cc transistor a une intensit6 collecteur nominale de 20 ampL~es
et une intensitd de Pointe dec 40 amp~res ; il peut dissiper 70 Watts a 125'C. Nous avons mesurd en fonction-
nement normal un rendement global variant de 84 A 94 %., les plus mauvais rendements 6tent obtenus lorsque La
tension d'alimentation tombe aux alentours de 20 Volts ce qui conduit le ddcoupeur A atre pratiquement en
conduction continue. Le achdma bloc du d~coupeur est don a Sla planche 6. 11 a'agit d'un d~coupeur A frd-
quence fixe et A largeur variable. On remarque qu'il comporte une boucle de r~gulation interne.



A l1entrde de l'amplificateur de r~gulation R, on a
- Ia tension de commande provenant de l'6tage de regulation
- la tension "image" de Ia tension fournie par le transistor de puissanc2. Etanc donn6 que

cette tension est composde d'une suite de cr~neaux A fr~quence fixe et A largeur variable, le contenu har-
monique tr~s riche d'un tel signal nous a obliS6 A r~aliser un filtre actif du 26me ordre qui fournit en
sortie une tension continue foniction de la tension moyenne fournie par le ddcoupeur A Ia pompe.

- la tension de "pulse au d~marrage". Au cours des essais, nous avons constat6 que P'on pou-
vait amdliorer le d6marrage du groupe en fournissant pendant une br~ve pdriode de l'ordre de I A 2 secondes,
la pleine tension d'alimentation 4 l'6lectropompe. C' ,-)up de tension fait d~marrer tr~s vite le moteur
de l'6loctropompe et l'A-coup de debit quL s'en suit ,in.plit rapidement les canalisations et force l'injcc-
teur A pulvdriser correctement d~s le debut de la sequence, ce qui permet de rdaliser tr~s rapidement l'al-
lumage mame par temps tr~s froid. L'amplificateur de commande C eat en rdalitd un comparateur qui reqoit
sur l'une de ses entrdes la tension de sortie de l'amplificateur R et sur lautre le signal provenant d'un
oscillateur ou plus exactement d'un g~n~rateur de rampes.

Compte-tenu de Ia bande passanta du motaur de l'4lactropompe at de La turbomachine, la fr6-
quence de d~coupage a Wt choisie relativement bassa, de l'ordre de 250 Hz. En sortie, a dt6 dispos6 un cir-
cuit de protection qul comporte d'une part des 6l6ments passifs destin~s A limiter las suroscillations et
d'autre part un circuit actif qui bloque le transistor de puissance si las tersions d'alimentation des am-
plificateurs ne sont pas toutes deux pr~sentes.

Bien antendu, un d~co'ipeur gdn~re des harmoniquas sur un tr~s large spectre et i1 a fallu
prendra .,~ certain nombre de dispositions pour respecter lea normes dans le domaine des interfdrences radio-
6lectriques, Calles-ci sont Je deux types.

Tout d'abord au point de vue tachnologique, lensamble du d~coupeur a Wt incorpord dans le
corps du moteur de pompe ce qui rdalise un excellent blindage. D'autra part, des filtres ont 6t plac~s dans
les lignes d'alimentation du transistor da puissance et dans la ligne de retour A Ia masse du motaur.

Au point de vue de la fonction de transfert de lansamble d~coupeur, nous avons d~jA not6 que
le filtra, placd dans la boucle dEi ratour, est du 26me ordre. Le r~gulateur, quant A lui, eat un rdseau in-
t~grateur qui annule lerreur statique et assure un d~phasage nut pour les fr~quences dlev~es. Ce dernier
point est particuli~rement important du fait qua le filtra du deuxi~me ordra apporte un d~phasage pour les
fr~quences dlev~es.

5.2.3. Regulation

Celle-ci comporta, en r~alitd, deux 616ments diffdrents
- d'une part, una r~gulation,au sans strict du terme, qui assure que le pararn~tre r~gul6, dans

notre cas ]s vitesse de rotation de la turbomachine, eat bien 6gal A Ia consigne,
- d'autre part, un rdseau d'6laboration de consigne qui, A partir d'un certain nombre de pa-

ram~tres qui pauvent 6tre soit des r~glages, soit des variables comme Ia vitesse de rotation, soit des affi-

chages de commande, Glabore la con~igne qui sara comparde A la vitesse vraie A l'cntr~e du r~gulateur.

5.2.3.1. Convartisseur fr~quence tension et r~gulateur P I.D.

Nous passerons rapidemet sur las 616ments du r~gulateur proprament diL at du con-
vertissaur frdquence-tension qui ne prdsentent pas d'originalltd particuliere. La mresurc de la vitesse eat
r~alisde, A partir du signal fourni par un captaur A reluctance varieble, par un convertisseur fr~quence-
tension classique. Celui-ci comprend

- un amplificateur de misc en frne
- un r~seau pseudo-d~rivateur
- un monostable
- un filtra adaptataur d'imp6dance rdalisd d'une maniZ~re similaira A celui utilis6

dana le d~coupeur.

A Ia sortie, on cbtient una tension continue, fonction de la frdquence do signal d6-
livrd par le capteur, ayant une tr~s bonne lin~arit6 et on taux dondulation rdsiduelle tr~is faible. Le r6-
gulateur P.I.D. eat, lui-aussi, tr~s classiquc. 11 fait subir au signal d'erreur, qui nait de la comparaison
de Ia consigne et de la tension fournic par le convertisseur fr~quence-tension

- une amplification de gain K (proportionnel)
- une integration de constanta de tems T (intdgral)
- une avance de phase de m~me constanite de temps T (ddrivation)

IL faut noter que cc r~gulateur P I.D., amploy6 scul. pr~senterait de nombreux incon-
v~nients. Examinons, par axempla, cc qui se pasbe au debut du d~marrage

- la consigna extarne cat maximale
- la vitasse eat nulle

L'erreur A l'entrde eat donc maximala. Le r~gulateur P.ID. vs donec voir a tension
de sortie crottre jusqu'A a valaur maximale, clest-A-dire jusqu'A la valeor de sa propre tension d'alimen-
tation. Le con~ensateur de 11int~grateur va se charger sous catte tension et on ust conduit A une saturation.
Calle-ci ne cesacra que lorsque le condenisataur sara coisp1~tement d~charg6 cc qui peut prendre on temps suf-
fisammient long pour qua la machine passe en survitessa compta-tenu de sea faibles tampa de r~ponse. C cat
pour cetta raison qua L'on recherche toujours a se placer dana le cas oil 1erreur eat tr ,s petite Dautre
part, 11 na faut ps oubliar qua de tela ph~inomri~cs petvent conduira A des taux dsacc~lration inacceptables
tant du point de vue m~canique qua du point do vuc thermodynamnique.



5.2.3.2. Elaboration do consigno

qul, touta don1boa distLon do consign@ ddcrit A IS plaich. 7 agit dane troff diimiins

ISl contrble d'accildration
I:L limitation de Ia tension do sortie sin fonction do Is vitosse

-Ia limitation do la tension minimalv de Ia tension do sortie

5.2. 3.2.1, Contrbio d'accdierstion

La consigne "1vraie" pout 6tre un signal Lixe ou variable, cette veniat. ,
pouvant elle-m~me Otre pseudo-continute (par exotuplo potentiombtre doe consnande de vitesso) OU par icivi1on
(coesnande ralent[ - plein-gaz). Le trigger d'entrde eat un amplificateur h LrL~s grand gain qui no pout avvir
quo trols etats due sortie

- Atre It Ia tension d'alimentation positive, Co qui eat obtenu Iorsqu& It
signal sortant du sommateur placd A son entrde eat positif

- 6tre au zero lorsque Ie sommateur lul fournit une tension nulle
- #tre A s tension d'alimentation ndgative ce qut eat obtenu bors. !e

Le signal doe sortie du trigger est envoyd, h travers un rdseau divizeur
It lentrde de lintdgrateur. Si celui-ci re~ioit un 'plus", it fournit en sortie une rampe croissante de pent*
constanto, pulsque la tension Ai son entrdeeoat constante. Cette ponte oat d'ailleurs rEglable die inanizre b
pouvoir s'adapter aux differentes turbomachines. Si Is tension d'entrde passe par z~ro, ii reute h In tension
oOk it se trouvait. Si Is tension d'entrde eat negative, ii tournit en sortie une rampo dodcroissante. On re-
marque quo la sortie doe i'intdgrateur eat rebouclde sur le soimmsteur placd dovant l'intiegrateur. ce qul per-
met darrAter Is rampe loraque cello-cl a attoint le niveau do Ia consigne vraio.

Grftce It ce dispositif, tout Echelon doe consigne vraie sere transform# en
rampe croissante ou d~croissante suivant Ie Sens do variation do l'dchelon. On peut voir quo les deux autres
lignos arrivant A l'entrde do l'intdgrateur permottent doe limiter par valour maximaleou0 par valeur miniale
le signal issu do trigger. Nous montrorons lutilitd die ces limitations plus loin.

Une fois quo laction do limitation sera terminee, on obtiendra en sortie
doe l'integratour une rampe. Coest cotte rampo qul Sera comparde At la vitease afiti do coimmander Is regulations.
Le dispositif fonctionne alors do doux manihres ldg~rement diffdrentes suivant Is phase doe fonctionnomtent o~x

Pon e truve.Trois cas peuvont se presenter
ler cas :Is machine accblbre normalement et suit Ia rampe do sortie du

gdrateur do con3igne interne. Dana ce cas, le systL~me fonctionno d ti Isme (aqoni en tout point,du d~mar-
rage su ploin gazoet en chaque point Ia viteso ost rdgulde par le P.I.D. au point considdrd.

2 me cns :Ia machine accdlre trop vite. Dans cu cas, Ia grandeur de sor-
tie diminue sous l'action du rdgulatour jusqu'A Ia vabeur du "mini-pompe" (cf. 1 5.2.3.2.3.).

36ime cas :lI machine ii'accdl.*-re pas ou faiblement. Dana ce cas, Is gran-
deur doe sortie augmento sous lottel az g-ulateur jusqu'au moment oi ello atteint Ia valour de limitation
(cf. §5,2.3.2.2.). A partir doe ce moment, ba consigne interne eat ramendo A Ia valour doe la viltesse et oIll
v restora iusqu'A Co cluo Ia machine accepto d'acc461drer. La consigno interne aura alors lib~r,.e selon I&
rampo do sortie doe son dispositif d'dlaboration. On volt done quo dana cc fonctionnement. i'accilfration es,
limtte A une valour supdrieure.

L~orsque P'on commandeoune variation doe vitesse A partir Vim r~gime
bli-,par exomple en offecttuant one comiaando ralenti-plein gaz ou invi-rsement, Is regulat ion vs faire en s e
quo i'Ecart entro la vitesse et In consigno interne resto nui, ce qui revient Zk dire quo Is courbe dv
tion doe Ia vitesse va suivre cello doe Ia consigne et codi constitue, en ifait, uno regulation d'nccflfran
ut do deceleration.

5.2.3.2.2. Limitation dieja valour isaximale do sortie

Le diapositr fonctiotine doie Is anert, salvante. On additionne
- ne tension fixe, nosmde "scull' avec

u ne tensi on proporti onnul lu A In vIltusse doe rotation et nov imrrorrv-
mont di',171eurs, "limitation", ci on compare cetto soimeu )i In Lension doe Ia granideur doe sortle.

L'erreUr est amplifide. puig envoyde Ni linlgrateur d'Elaboratioti Con-
signe P~ intrmddiaire d'unc diode. CCtte diode eat. polarlado do maiii~re A ce qu'oile, soit

- passante dans le sews intigrateor vera amptlicateur do lImtitatio:
- bloqu~e dans le sens inverse

demanota ne dminuion.Cccl vout dire que Ia diode aura passante lorsque I'ampli dc' limitationj
demader un dimnutonc'est-h-dire loraque In tension (it Ia grandeur doe sortie sera plus gtsndo quu I&

sozano du "scuil" et doie ' limitation'. La dlode en deveridut passant,- fait on 3-orte quo lit tension Jrdor-O
tie du rdgulatour Solt dgale i 1' "limitattoni" 1 V. "scuil'. En sotis inverse, cleat-a-dira 1L'rsque Iat .ranieus
do sortie oat plus petite que In sommie doi 'scull" ci de' Is "limitatlin", b'ampli do limitation domw' .!:to wst
augmentation, In diodt? so bloque et cc circuit n'lntervient plus, (in aura dotoc t-omu,ourx V ,tkrtle -,'"ik
tat ion" I '"seuil"). La valour die U "sekul " est. rdtgiable ati tiventi doi bottler do mtmv quov Ilimit -.oV Dj N
plus , on pout , par cotamutat ton, neutriil isur P 'act io ol it, "I imi tat ion"" lusqti' tm certain &vkilId i t as W,

\'ovoni maintetatt lot itlit6 dv cc circuit, l'lai~owzt ous, !'4bord I.. I
tant du 'i~hut doe ddmarrage In Vitt-ste 4 11stv1,111Vlo U 'Ilmitanion" eat nut

is grAtglour tit, %ort Iv eat nul 1

La mortle Ok trigger ftant ao plus. b'lltigraieur cv-uAvcti a fokwir kn

rampe. Cuil i-il osi unvoydu alu rd~tilat,ur 1', 1, Ii, qtii Is r,'~oI o" totalitE put ijkc is l-esst eat tnell'.
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Ceci fait donc iminddiatement monter la grandeur de sortie, av n mme que
la vitesse n'augmente. DNs que la tension de sortie eat dgale au "seuji", la diode devient passante. Si Ilon
veut que la grandeur de sortie du r~gulateur reste limit~e au seuil, il faut que le sossnataur dlentr~e du
P.I.D. soit A zro, clest-A-dire que la consigne interne soit 6gale A la vitesse.

La vitess2 ayant une certaine valeur, il faut que la consigne interne
baisse et pour cela, il suffit que le condensateur dlint~gration du circuit d'61aboration de consigne se dd-
charge A travers la diode. La constante de temps de cette d~charge dtant environ 100 foss plus faible que
celia de L'int~gration, on constata une chute rapide de la consigna interne. Celle-ci s'arr~te A une valeur
tella que la vitesse soit 6gale A la consigne interne (si cela est possible compte-tenu du r~glage de la va-
Leur minimale -.cf suivant). Ce dispositif jermet donc, pendant les premiers instants, d'injectar ca qulil
faut pour allumer et, si la vitesse ne monte pas, dinjecter un minimumt de carburant

Si nous nous plaqons A une vitesse quelconque, non nulle, U "limitation"
vient se rajoutar a U "seuil" et le fonctionnement est similaire. Ceci signifie donc qu'A toute vitesse cor-
respomnd une grandeur maximum de sortie qui ne peut Atre ddpassde.

5.2.3.2.3. Limitation de la valeur minimala absolue de la sortie

On sait que tout moteur dLectrique a besoin d'une tension minimale A ses
bornes pour d~marrer. Or, il paut se faire, dans las transitoiras de r~gulation, qua la tension de sortie
soit nulla. Le moteur aurait tendance A slarrater avant que cetta valeur soit atteinte et ne pourrait repar-
tir qu'au-dessus d'une certaine tension.

Par exemple, au d~but du d~marraga, si le moteur 6lectrique de lancement
fournit une accdl~ration sup~riaure A l'accdldration maximale autorisde par la boltier, la tension de sortie
irait A zdro. Pour dviter cela, or. a muni la syst~me d'une limitation bassa qui, en tout dtat de cause, im-
posera A la tension de sortie une valeur minimale en dessous ee laquelle on na pcurra descendre ,'le mini-
pomp e".

La dispositif est similaire A celui de la limitation maximale, tiis, bien
entendu, la diode qui permet le raccordement sur l'entr~e de 11int~grateur de L'dlaboration de consigne eat
polarisde en sens inverse. 11 faut bien noter qua cette tension minimale imposde au moteur correspond A tine
vitesse de rotation minimale, donc A un d~bit minimal.

6. MISE AU POINT ET RESULTATS OBTENUS

Las travaux de mise au point ont d~butd par Ia d~termination des r~glages optimaux du cisoet diffdrentiel.
En particulier, ainsi que nous l'avons dit prdc~demtment, il faut tenir compte de toutes las pertes de charge
du circuit de retour rdel qui d~placent le debut de Ia courbe Ql f (Up). Nous avons aussi recherchd s'il
6tait int~ressant de modifier la gain tr~s important autour du point de regulation nominal. Cette action est
possible ais peu intdressante car la marge de gain du syst~me est largemant suffisanta. Les r~glages du rd-
gulateur 6lectronique sont faciles et classiques. Le saul point int~ressant est la recherche de la valeur du
gain proportionnel compatible avec tous Las types de fonctionnement. 1L importa en effat do bien vdrifier
I action de toutes las perturbations possibLes. On peut voir sur le schema de la pLanche 8 qua ces perturba-
tions sont fort nombreusas et agissant sur plusieurs 6quipements.

En ce qui concerne le G.A.P. , l'acc~ldration maximale tol~rde peut prendre deux vaLeurs : A basse vitesse
on 3utorise une accdl~ration plus faible car on n'a pas dobligation particuli~re en ce qui concarne le temps
de d~marrage. Les r~sultats obtenus tant en conditions simul~es qu'en utilisation rdella sont trbs bons tant
au niveau de la fiabilit6 qu'au nivaau des performances. La sysctMe de d~marrage a accumule maintenant pLu-
sieurs milLiers de cycles dans toutes ias conditions d'environnament. On a burtout remarqu6 la suretd du d6-
marrage A tr~s basse tempdrature grAce A l'emploi du "pulse" au d~marrage.

La groupe autonome de puissance a ddmontr6 an utilisation r~elle une enveloppe de fonctionnament beaucoup
plus large qua cella prdvue tant dans la domaine de Valtituda, puisque laltitude de 12 000 m~tres a pu ftre
atteinte, qua dans le domaine des tempdratures axtramas, puisque des d~marrages ont pu tre Lenths avec suc-

1' c~s jusqu'A des tempdratures de - 45'C, A Ilaide des seules batteries alocs qua la do'maine normal de ddmarra-
ge eat limitd A - 30'C

7. CONCLUSION

La nouveau syst~me de conmmanda de debit de carburant a d~montr6 an utilis ation une tr&s borne fiabilitd

et de bonnes performances, Sa simplicit6 en fait un produit facile A fabriquer at A r~gler, donc ayant un

Prix de ravient comp~titif.

F1
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DISCUSSION

Prof. Amoia, It
There is a definite trend in today technology towards digital control. You have preferred an analog solution. Would
you please comment on the motivation of your choice.

Author's Reply
(1) Pour une fabrication en petites quantites les systemes analogiques sont, encore actuellement, beaucoup moins

chers.

(2) D'autre part nous avons voulu d'abord verifier le fonctionnement de ce syst~me, dont l'6tage de puissance est
pratiquement numerique puisque commandd par des creneaux, avec une r6gulation analogique bien connue.
11 est dans notre intention d'utiliser, dans un proche avenir, une r6gulation num6rique.

Translation
(1) Analog systems are still appreciably cheaper for small production quantities.

(2) Apart from this, we first of all wanted to check the operation of this system, whose power stage is practically
numerical, as it is controlled via teeth (serrations, cams) with a well-known analog control. We intend utilising
numerical control shortly.

F



TRANSDUCERS FOR ENGINE CONTROL SYSTEMS
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SUMMARY

The analysis of engine control requirements shows that two types of parameters must be measured.
Non-dimensional parameters are required for performance and handling work, whereas dimensional parameters
such as pressure and temperature are required for structural protartion.

Conventional transducers measure thu dimensional or structural parameters which means that the non-
dimensional performance terms must be computed from the structural parameters. This leads to inaccuracies,
particularly at high altitude where the dimensional quantities may represenc only a small percentage of
the transducer scales, and because of this the system dezigner may be forced to chose non-optimum parameters
for the control system.

This paper describes some active fluidic transducers which measure the fundamental non-dimensional
quantities rcquired for engine control systems. The use of thzse transducers offers a true non-dimensional
measurement of engine performance and allows the system designer a freer choice of control parameters.

SYMBOLS

K Arbitrary Constant

N Shaft Speed
T Air Temperature (Total)
W Air Mass Flow
P Air Pressure (Total)
p Air Pressure (Static)

M Duct Mach number
X Ratio of Specific Heats
A Duct Cross Sectional Area

Rg Gas Constant
Suffices 1 and 2 represent arbitrary stations in the engine

1. INTRODUCTION

The first gas turbine engine controls were simple systems using shaft speed, corrected by inlet air
temperature, as the main parameter. This was a natural follow-on from the control of piston engines, on
which speed was of primary importance. Control system development followed from these beginnings, and led
to the extensive use of hydro-mechanical controls using normalistd speed, N/I'T bs the control parameter.
Later developments introduced pressure ratio as a parameter, bit the mechanisation of the control was aga
by hydro-mechanical meanq with limited computational capability. As engine performance requirements have
become more stringent, with the need for higher performance and efficiency, so control systems have had to
become more precise and have had to manage more parameters. This is especially so on supersonic aircraft
where flight parameters may be included in the overall control equations.

With the development of digital electronic computers having high speed and great computational cap-

acity there has been natural trend towards full digital control of engines. This approach has allowed
all relevant parameters to be considered in the control equations, but equally this imposes a demand for
many more transducers. A simple block diagram of a control system is shown in Figure 1, and it is clear
that input transducers are required to supply information to the computer, whilst output transducers are
required to enable the computer to control the engine.

This paper discusses some particular input transducers specifically designed for aircraft engine
control systems.

2. CONTROL PARAMETERS

Analysis of engine control requirements shows that two types of parameters must be considered for
complete and effective control. These are, performance parameters, and structural parameters as shown on
Figure 2. Performance parameters are the non-dimensional or normalised quantities used to measure the
thermodynamic performance and stability of the engine. These are:-

Normalised Speed N/I/T
Pressure Ratio P2 /P1

Normalised Mass Flow W_T

TP
Temperature Ratio T2/T I
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Structural parameters are the dimensional quantities relating to the strength and life of the engine

and are used simply to set performance limits. They are:-

Shaft Speed N
Temperature T
Pressure P

Conventional transducers measure the structural parameters directly, since they usually make use of 'Z
physical effects generated by these quantities. For example in a pressure transducer, the pressure to be
measured is used to deflect a diaphragm which causes an electrical element to be distorted, and this in
turn produces an electrical signal proportional to the pressure causing the distortion. This pressure,
which can cause distortion of the engine structure, is measured by making use of the same effect in the
transducers.

Temperature measurement utilises a direct physical effect although in a somewhat different manner.
Conventional temperature sensors rely on a direct thermal to electric effect, either in a t:ermocouple or
in a resistance thermoreter. Measurement of shaft speed, which is necessary to prevent overstressing of
of iotating parts, also originally depended on centrifugal effects on flexible sensors, although direct
measurement of speed i, now accomplished by the use of inductive and optical sensors which transduce speed
into frequency of an electrical or optical signal.

It is clear, therefore, that conventional transducers provide a direct means of converting the struc-
tural parameters into electrical signals suitable for input via analogue-to-digital converters into the
computer.

With this background, and the power of the digital computer, it is natural that the current control
system design philosophy is to compute the performance parameters frum the stiuctural parameters. However,
this is not such a simple process as it might appear, and it is appropriate at this point to look in more
detail at the problems involved.

2.1. N/f-T

This requires measurements of shaft speed N, and air temperature T to be made. Shaft speed is easily
measured using an inductive or optical probe to produce an electrical signal whose frequency is proportional
to speed. Air temperature measurement, however, depends on heat transfer from the air stream to the sensing
element, usually a thermocouple before the measurement is effective. Thermocouple response can be reduced
to fractions of a second and good results can be obtained where temperature fluctuations are not too rapid
to be followed successfully. However, in modern multi-shaft engines, it may be desirable to use the air
temperature at some intermediate position in the engine, for example at the inlet to the third spool of a
three shaft engine, and the rate of change of air temperature may reach 1000C per second during rapid ac-
celeration or deceleration. The accuracy of the measurement in these circumstances, even with computerised
compensation, is usually unacceptably low.

This problem is aggravated by the fact that N/I-T is a very non-linear performance parameter. Idling
thrust may occur at 40% to 50% of maximum N/IT-, and the range from half to full thrust may occur between
85% and 100% of maximum N/T. Clearly, to obtain good performance control, a very high accuracy is required
in the measurement of N/,/T. Engine intake temperature is, therefore, used as the parameter in order to
obtain a more steady and hence more accurate reading. However, this approach not only sacrifices informa-
tion about the core of the engine, but also poses the problem of preventing ice formation on the sensing
element in adverse weather conditions.

Nevertheless, because of the historical use of engine speed, N/f,T is still often used as a preferred
parameter in spite of these difficulties.

2.2. P2/Pl

Pressure ratio requires the measurement of two pressures and may be computed in the form P2 /PI or as
1 A P where AP = P2 - Pl. This is an ideal parameter for monitoring engine performance since it has

an approximately linear relationship with thrust. Furthermore, the response time of the measurement is
effectively independent of where in the engine the measurement is taken. It is, therefore, possible to
monitor pressure ratio in several places and deduce the "state of health" of the engine in addition to
controlling performance.

The major problem in pressure ratio measurement concerns the accuracy obtainable at high alitude
This is best illustrated by the following example. Suppose overall compressor pressure ratio is being
measured on a modern high efficiency engine where the maximum ratio is 30:1 and the accuracy required is
+ 2%. At sea level the compressor delivery pressure will be a maximum of 3040 KPa and so the appropriate
pressure transducer must be capable of measuring this pressure. However, if the aircraft is able to oper-
ate at an altitude of 16 km where the atmospheric pressure is about 10% of the sea level value, all the
pressures in the engine will oe similarly reduced to 10% of their sea level values. The maximum compres-
sor delivery pressure will then be 304 KPa, and if the engine is throttled back for descent, the pressure
may fall to only 150 KPa. For an overall accuracy of + 27 in pressure ratio, ?acn pressure must Le meas-
ured to better Lhan + 1%. If the extreme altitude situation is to be catered for, the transducer connected
to compressor delivery pressure must measure 150 KPa to an accuracy of + 1%, i.e. to + 1.5 KPa. This same
transducer at sea level must equally be able to measure up to 3040 KPa, so the accuracy specificatiion for
this transducer requires + 1.5 KPa in 3040 KPa, i.e. better than + 0.057 of full scale. This accuracy must
be met over the full range of working temperature and energising voltage. Clearly this is a difficult task,
and similar requirements apply to all other pressure transduceis used for measuring pressure iatio.

If'
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2.3. WIT/P

Logically, this requires measurements of air mass flow, temperature and pressure, but as mass flow
would require the entire engine air flow to be measured an alternative approach has to be taken. The normal
method is to relate WT to the flow Mach number at a suitable station in the engine and then to deduce

P

the Mach number from the ratio of total to static pressure. The problem then reverts to pressure ratio
measurement and is covered by the comments in the previous section.

2.4. T2/Tl

The problems associated with fast, accurate temperature measurement have already been covered in Sec-
tion 2.1. and because of these, temperature ratio is not generally used as a performance parameter. It
could, however, have significant value in engine health monitoring, for example, if both pressure ratio and
temperature ratio across a compressor are measured, deterioration will become evident by a rise in tempera-
ture ratio for a given pressure ratio. In this situation, steady state measurements are adequate and so
the problems are minimised.

2.5.

From the foregoing, it is clear thet N/J/'T is often used as the main performance parameter because of
historical development, and because of the difficulty in measuring the alternative parameters using conven-
tional structurally oriented transducers. In consequence, information regarding engine performance is lost
and deterioration of efficiency with age cannot be detected. The use of pressure ratio in conjunction with
normalised mass flow or with temperature ratio would provide a full knowledge of the engine performance,
together with an indication of its efficiency or "state of health." This approach would also give a much
more linear control since pressure ratio has a nearly linear relationship with thrust whereas N/I T does not.

If this approach is to be used effectively it is, therefore, necessary to have available an accurate

meavs of transducing pressure ratio into an electrical signal, suitable for a computer input.

3. THE PRESSURE RATIO TRANSDUCER

From the earlier discussion it was apparent that the computation of pressure ratio from individual
pressure measurements gave rise to considerable inaccuracies because of the wide range of pressure variation
with altitude. It was, therefore, decided to utilise the fundamental properties of compressible flow to
generate a signal which would be purely a function of pressure ratio, without being dependent on the actual
preb ure level or altitude. The mechanisation of this concept was achieved through the use of fluidics.

3.1.

Figure 3 shows a block diagram of the Pressure Ratio Transducer (PRT) which consists of an engine
mounted unit plus an airframe mounted amplifier or Pressure Ratio Processing Unit (PRPU).

A fluidic oscillator, driven from the rressure P2 generates a triangular output pressure waveform as
shown in Figure 4A. This is passed into a modulator element which takes the form of a multi-input switch.
The modulator is driven from P2 but receives an additional input from P1 pressure. In the absence of any
pressure ratio information, the modulator would switch at the zero crossing points of the oscillator waveform
as shown in Figure 4B, giving rise to a iectangular pressure waveform of 50% duty cycle. The pressures P2
and P1 act on the secondary inputs of the modulator in such a way as to bias the switching point above or
below the zero line on the triangular waveform, by an amount proportional to the ratio P2 /PI. This has
the effect of changing the duty cycle of the modulatoi output as shown in Figure 5. The pressure ratio
information has thus been converted into a pulse width modulation of the modulator output. This is then
transduced into an electrical signal by means of pizo-electric crystals, and this signal is transmitted by
cable to the PRPU.

In the PRPU the low level signal is amplified and converted from a pulse width modulated signal into
an output suitable for use in a computer or other electronic control system. In current applications the
output is in the form of an analogue voltage in the range 1 to 6 volts, but this could alternatively be
presented as a digital signal by a suitable alteration to the PRPU circuitry.

The engine mounted unit is shown in Figure 6, and the fluidic oscillator and modulator can be clearly
seen, Also visible is the electrical connector which covers the piezo electric crystal housing. The three
pipe flanges provide connections to P2 , PI and a vent spill pipe. The PRPU, mounted in the airframe is
illustrated in Figure 7. It is shown here as a separate unit but could equally be accommodated as a card
in the computer installation.

The current standard of PRT is designed to measure pressure ratio in the range P2 /PI = 5 to 10, plus
a reduced accuracy range up to P2/F1 = 15. With minor modifications the overall range can be altered up-
wards or downwards by approximately 50%. By the use of the fluidic technology, the unit measures pressure
ratio as a fundamental parameter, and is, therefore, able to offer a measurement accuracy of + 2% over an
altitude range of sea level to 18 km. The fluidic unit is mounted directly on the engine and is designed
to operate at a temperature in excess of 3000 C. This limit is imposed only by the Piezo-electric crystals
and the electrical insulation, and an experimental unit has run successfully at a temperature of 4500 C..
A typical calibration is shown in Figure 8, and an accuracy plot is given in Figure 9.

The development of the pressure ratio transducer enables pressure ratio to be measured as a fundamen-
tal performance parameter with constant accuracy over the engine operating range. In consequence a new
dimension has been added to control system design.
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4. NORMALISED MASS FLOW

From compressible flow relationships it can be shown that the ratio of total to static pressure in
duct is related to the flow Mach number in the duct by the expression:

P 
-1 -M2p [2]

which for air ( 1.4) reduces to:

P = (I + 0.2 M2) 3.5

p

It can also be shown that the mass flow in the duct is related to the Mach number by the expression:

W = PA x N

+Y 12
' g [I + -i NJ 2( -1)

which for air reduces to:

W - 1.1832 PA x M

!RgT (1 - 0.2 M2) 3

i.e. W /T - 1.1832 A x M
P Rg (1 + 0.2 M2)3

The term 1.1832 A is constant for any given position in the engine. Hence:

wT_- f, (M)
P

and since M = f2 (P/P)

Then:

W(7 ' f3 (P/P)

Hence the normalised mass flow in a duct may be represented as a unique function of total to static
pressure ratio P/p.

If the pressure ratio transducer already described is connected to the air in the duct as shown in
Figure lOB, the total pressure P replaces P2 and the static pressure p is divided down by an orifice pair
to a value Kp which replaces Pl. The PRT still measures P2 /PI which becomes I . P , and so it has now

effectively become a transducer for normalised mass flow Wl. A typical calibration is shown in Figure 11.
P

A normalised mass flow transducer can, therefore, be offered to provide measurement of a valuable per-
formance parameter which has so far been regarded as difficult to measure. A small limitation in this design
is that the resolution is low at very low duct Mach number due to the shape of tvI calibration curve, but
at most normal working conditions good resolution is obtainable.

5. FURTHER DEVELOPMENTS

The normalised mass flow transducer described in the previous section is ideally suited for measure-
ments in the iih pressure conditions encountered in engine compressors. It is, however, not suited to
measurements i. ow pressure areas such as engine intakes and fan streams where insufficient pressure is
available to drive the fluidic elements. For such situations an alternative approach is required, and use
may be made of the ability of the duct flow to deflect a jet of air in a fluidi, device as shown in Figure 12.

As was stated in Section 3, the temperature limitation on the PRT is imposed purely because of tht
piezo-electric crystals and the elctrical insulation. The normal maximum working temperature is 3001C al-
though operation up to 4000C is possible for short pe'iods. Special high temperature piezo-electric material
has been tried which has a capability of operating at over 6000 C although to date this materi.l has only
been tested in a PRT at 4500C becauce of a test rig limitation. Nevertheless, the capability of modifying
the PRT to work at very high temperatures is available and the potential has been successfully demonstrated.

Temperature ratio T /T I was mentioned in. Section 2.4 as a useful parameter in engine health monitoring.
Whereas thermocouples could be used to provide the individual temperature measurements, an alternative, and
more robust solution is possible using fluidics. Consider ,ir from the compressor at pressure P2 and temp-
erature r9 passing through an oriiice A, along a duct and through a second orifice B to discharge to vent
as shown in Figure 13. If the pressure in the duct is PD and the temperature is T,, and if choking ilow
exists in the orifices A and B it can be shown from simple flow analysis that PD is related to P2 by the
expression:, PD = AA x T x P2

A A 2

Where AA and AB are the areas of the orifices A and B respectively.
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If the duct is maintained at compressor inlet temperature T1 by an external flow as shown in Figure 13,

so that TD = TI then clearly:

P2 - AB [L2
PD AA T

Hence the ratio P2 /PD gives a measurement of T2 /TI . Now the PRT is already available to measure pres-
sure ratios, so if PD is connected to a PRT in place of PI then the PRT output becomes a function of T2/Tl.
This arrangement is shown in Figure 14. Measurement of temperature ratio by this method is not confined to
compressors, as the robust nature of the equipment would allow even turbine entry temperature to be used in
place of TI if desired.

One further development which deserves mention is the possibility of replacing the electrical link
between the PRT and the PRPU with an optical link. Some work has been carried out to develop an optical
output pressure sensor which can be incorporated into a PRT in place of the piezo-electric crysals. An
optical fibre link would then carry the signal to a modified type of PRPU where it would be converted to
an electrical signal suitable for use in the electronic control sys.em as at present. The advantage of
this development is that the optical link is completely free from any possible electrical interference, and,
therefore, it is possible to eliminate from the PRPU the existing interference rejection circuit. This in
return releases the fluidic system from a particular frequency constraint and allows it to be worked at its
optimum oscillator frequency of 350 to 450 liz, resulting in a significant improvement in signal-noise ratio
and response.

6. CONCLUSIONS

Conventional transducers are designed to measure structural parameters such as shaft speed, air temp-
erature and air pressure. The use of such transducers to determine the engine performance parameters, norm-
alised shaft speed, pressure ratios, and normalised mass flow, leads to an unsatisfactory situation. Pressure
ratio, and normalised mass flow are very difficult to measure to an acceptable degree of accuracy, and the
use of normalised shaft speed as the main control parameter leads to non-optimum control system design.

A fluidic pressure ratio transducer is available which measures pressure ratio as a fundamental para-
meter, and thereby offers a direct and accurate measurement over a wide range of operating conditions. The
use of this dev'ce offers the system designer a means of measuring one of the fundamental engine performance
parameters, and opens the door to greater optimisation of system design.

The pressure ratio transducer can, in a modified form, also provide a measurement of normalised mass
flow, so that a second fundamental porformance parameter can be monitored. Further developments include the
possibility of using the basic transducer to measure temperature ratio for engine health monitoring, and
also the development of an optically coupled unit having an improved signal-noise ratio and a faster response.
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DISCUSSION

David J.Hawes, Ca
Compared with conventional Parameters.
N/N/Teasy to measure, vTreduces effect of temperature inaccuracy
Pressure Ratio
Weight, cost and reliability comparison with "conventional" pressure ratio systems
Problems of changes in pressure profile over flight envelope

Author's Reply
I agree that N/V'T is easy to measure because intake temperature T, covers only a small range and does not change
rapidly. However, this parameter does not provide all of the information about the core of a inultispool engine For
example, the important parameter relating to the HP spool in a 3 spool engine would be NH/V'T3 where NH is the
HP spool speed and T3 the HP intake temperature (or IP compressor discharge temperature).

The measurement of T3 is much more difficult than T, ,particularly because the rate of change of T3 may exceed
100°C/sec in a rapid acceleration. Because of this Nt/-'T1 is normally used, with consequent loss of information
about the exact working condition of the HP spool. Pressure ratio, however, can be measured quite easily and it is
therefore a simple matter to monitor the pressure ratio P 3/P4 across the HP compressor.

Conventional pressure ratio sensors using bellows and levers are generally bulky and subject to failure in severe
temperature and vibration environments.

Regarding the cost comparison I can only refer to a very early fluidic" pressure ratio sensor with a hydro-mechanical
interface This unit costs approximately 60'; of the cost of the mechanical system it replaced. I have no other
direct cost comparisons.

Regarding distortion of measurements over the flight envelope, tls has been no problem.

P.Brammer, UK
With the described double orifice pressure ratio sensing device what is the necessary level of T , accuracy? Also what
effect would air released in the intake from anti-icing system have on accuracy?

Author's Reply
You are, I presume, referring to the temperature ratio sensor The air in the duct between the two orifices would be
cooled to the TI temperature. This would be ensured by allowing the jet from orifice A to blow on the inside walls
of the duct to obtain good heat transfer, and also by having an adequate length of duct.

The use of an intake anti-icing system which heats the intake locally could of course change the sensed value of f1 ,
and thereby change the measurement of T2 /T This however is a problem common to all systems where T, is
measured, and must equally apply to the measurement of N/V'-T . I am not offering a solution to the problems
associated with TI measurement, but simply offering a new parameter, T2/TI, ,f I is available.

G.Serovy, US

Please clarify the answer to the question from Canada (conterning the effect on the pressure ratio indication of

changes, distribution of compressor dlscharge pressure with operating point). Where in the annuls is the
conpressoi exit pressure measured and with what type of sensor9

Author's Reply
In the particular apph,.ation where we have flight experience vAe ale not aware of any distortion problem affecting
the pressure ratio transducer We do know howeser, that compressor discharge pressure was chosen by the engine
manufacturer as one part of the pressure ratio function because this was not very susceptible to flow distortion

Fan pressure ratio was rejected because of tills problem I can only assume that the rotating lnacline| between the
intake and the .ompressor dlsclarge tends to smooth out any distortion effects The piessure tapping point in the
engine is a stativ pressure sensor oil the outsidc of the discharge annlus, but I cannot be 11oie specif0 than thlt
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A COMBINED PARALLEL-DIGITAL AND PULSE-DURATION
MODULATED FUEL METERING SYSTEM

H. Holzem
Pierburg Luftfahrtger~te Union

D-4040 Neuss, Postfach 989, W-Germany

1. Summary

Control units for gas turbine engines in use today or in the future, work according to
control algorithms which strive for the most accurate metering of the primary energy
contained in the fuel. A fuel metering system is presented which can be controlled paral-
lel-digitally by a computer. This system seems to be preferably suited for small and
medium size engines. High accuracy requirements coupled with both robust and simple con-.
struction can be met. The design and functional description is supplemented by the labo-
ratory test results so far achieved.

2. Introduction

The common electro-mechanical metering units, which are working on the principle of an
analog or an incremental variation of a metering area are complex in comparison with the
corresponding units used in purely mechanical controls. Close fits between piston and
sleeve, as well as an accurate profile configuration of the metering area are still
prevailing. In addition, the following extra components are provided:

- Electro-mechanical converters with torque motor or stepper motor to drive the sli-
ding valve.

Electro-mechanical feedback for the metering area, in which case dual redundancy or
corresponding monitoring is desired.

With a similar metering principle applied and with the same exacting requirements with
regard to functional control accuracy as required for a large engine, a lower rated
engine would practically require a scaled-down version of such a metering unit. When
disregarding the material expense, the cost would hardly be lower than that of the larger
version, and the reliabilit would of course be inferior due to the miniaturisation of
the mechanical components.

Due to this circumstance, other engineering solutions have to be found, in particular
solutions which do not merely represent a scaled-down version.

3. Description of the Metering Principle

3.1 Metering by Means of On-Off Valves

For the purpose of controlling a mass flow in industrial process engineering, several
on-off valves havinq different metering areas are connected in parallel.

All depending on the demanded flow rate, some of the valves may be kept open or closed.
The metering areas are graded to the binary system. As may be seen from Fig 1, the diffe-
rence between demanded and actual flow is 12.5% of the maximum value when using three
valves only. This difference is unacceptably large. To reduce this difference to a value
adequate to gas turbine engines nine valves equivalent to the resolution 512 would be
required. The disadvantage of this arrangement may not only be seen in the large number
of valves that is to say structural weight, cost, energy consumption, but also in the
problem caused by the very small area of the valve having the lowest binary gradation.

Nevertheless, on-off valves offer inherent advantages compared with proportional valves:

- They have but two exactly defined flow values, e.g. zero and maximum,

- They do not require a displacement feedback.

- They are of a more simple design, considerably cheaper and much more reliable, so
that also the application of several valves is acceptable.

- Their switching times are so short, that the dynamics of the metering operation are
only dependent on the hydraulic conditions of the manifold system.



A different way of varying the metering area is shown in Fig. 2. The serrated line de-
picts the residual flow which in Fig. 1 is still missing to achieve a continuous metering
characteristic. A valve is opened and closed at a constant sequence, with the opening
time being changed at the expense of the closing time so that the total of the two times
remains unchanged. This so-called pulse-duration modulated (PDM) controlling of a valve
allows for a proportional timing of the mean time value of the fuel flow.
Fuel injection systems of motor vehicles are working in a similar way. It is, however,
quite problematic to chop fuel flow rates of a magnitude as is required for gas turbine
engines. Besides, the amount of electric energy required by such a valve, as well as the
weight of the valve itself, would be disproportionally high. In addit.on, linear modula-
tion of a solenoid valve can, in practice, only be achieved within a limited flow range.
An explanation of these circumstances is given in Fig. 3: Due to its limited switching
speed an on-offvalve requires a certain settling time (Ts) for safe opening and closing.
Therefore, Ts has to be subtracted from one period T in order to reach the longest permis-
sible effective opening time up to which a linear modulation of the valve is still pos-
sible. The shortest possible effective opening time is approximately equal to Ts. From
this, one may calculate the metering range R as follows

T - TsTs

High performance valves which, particularly for pulse-duration modulation, are provided
with a fast switching property, have a settling time of Ts = 1 to 1,5 ins. At a modulation
frequency of 50 Hz the remaining metering range would nevertheless be R = 12, whereas at
100 Hz the range would reduce to 5,6. But even a metering range of 12 is too narrow for a
gas turbine engine, so that at this point pulse-duration modulation as a sole means of
metering has found its natural limitation. Frequencies of much less than 50 Hz cannot be
applied for reasons still to be explained (Refer to 5.1). It is in fact only by the
combined employment of the two metering methods that the disadvantages inherent to each
individual method may be largely eliminated (refer to Fig. 4).

In the example explained here, altogether four valves are used which, thanks to appro-
priate signal processing, are able to achieve a wide linear metering range with a satis-
factory resolution capability. It may furthermore be seen from this example that a maxi-
mum flow of the cycle valve VI must be higher than the flow of the lowest binary graded
valve V2 due to the limited modulation range (chosen R = 6). In this case the difference
is 2.5% of full scale and the values of both coordinates has increased by that amount.

3.2 Signal Processing

Fig. 5 shows the simplified circuitry of a metering system design having four on-off sole-
noid valves, V1 through V4, connected in parallel. The pressure differential 6 P across
the valves is kept constant by a pressure control of the usual design. The input signal-
Qdemand is coming from the engine control system and is converted into the fuel flow

Qact to the burner as follows: The binary coded analog-digital converter forms the control
signals U2, U3, U4 for the basic flow valves V2, V3, V4. The electric analog flow values
Q1 through Q4 of the individual valves are stored in a calibration device by means of
four potentiometers. Independent of the signal levels (either high or low level) Ul
through U4, the switch unit transfers the calibrated flow values Q1 through Q4 of the
opened valves to the summation point (feedback). Therefore, the signal Qact.electr.
represents the electrical analogy of the fuel flow. Manufacturing tolerances affecting
the flow rates of the valves may, within certain limits, be compensated by the electrical
calibration device. The difference Qdemand minus Qact.electr. acts on an integrator
which, in turn, controls a pulse-duration modulation circuit supplying the control pulses
for the cycle valve Vi.

The analog-digital converter must, in addition, generate switching hysteresises H (Fig. 4)
to prevent a slight unsteadiness in the desired value, i.e. around point A, from causing
an uninterrupted switch-over of the basic flow valves V2, V3, V4. The hysteresis is in
the order of a few percent and is taken into account by the pulse-duration modulated
valve V1 due to its modulation reserves.

Fig. 6 illustrates valve position and the course of control voltage Uc at steps of Qdemand
based on the above mentioned valve flow gradation. At Qdemand of 18%, 12.5% of the full
scale flow rate are metered by valve V2. The control voltage Uc, the intersections of
which with the auxiliary delta voltage Ud are generating the control pulses for valve VI,
changes until the meen time value of the flow from VI corresponds with the remaining
5.5%.

At a small input step of the demanded value to, i.e. 21%, only the modulation ratio will
be changing, whereas at a big input step to e.g. 89% also the basic flow valves will be
switched on.

The rate of the integrator is chosen such, that in the extreme case, when valve 1 is
fully opened or fully closed, the trace of Ur will be flattened a little more than that
of Ud, since otherwise there would be several intersections within one period, which
would cause undesired additional cycles. With the regulator ad3usted in such a way, each
desired flow value may be electrically set within one cycle period.
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4. Hydromechanical Part

A schematic diag-amme of the hydromechanical part of the metering unit is shown in Fig. 7.
At this design configuration, the solenoid valves VI (pulse-duration modulated) and V2
(binary) are directly metering part of the fuel flow, whereas valves V3 and V4 (binary)
are servo-flow actuated by one magnetic pilot valve each. The effective direction of all
valves has been chosen so that they open when being energized. The servo pressure diffe-
rential P2-P4 across the pilot valves is controlled in such a way that it may be kept
constant to values which are compatible with the valves. (P4 - P2-2 LP). During the
switching operations the servo flow is employed for a short duration of time only, since
at opened pilot valves the pertaining balls are contacting the left-hand stops, thereby
excerting a sealing action. When closing the pilot valves, the balls occupy their respec-
tive valve seat at their right-hand side. During this sequence fuel passes through the
annular gaps between ball and guiding sleeve into the chamber arranged at the left-hand
side of the ball.

The solenoid valve of this first breadboard unit originates from an automotive injection
system and has been modified for the present application.

5. Functional Behaviour, some Data

5.1 Flow Pulsations and Metering Range

In Fig. 8 the relative share r of the pulsating flow is plotted versus the mean flow Qm,
on the basis of the four-valve-arrangement. 4

The particular trace of the curve may be accounted for by the superposition of two effects.
At the relative maximums of the pulgations, that means, at the points where the largest
absolute flow change A Q occurs, a modulation ratio of 1:1 (50% modulation) is prevailing.
Above or below that modulation ratio, the absolute flow change deminishes. In conformity
with the definition of r the pulsations at lower flows are higher rated accordingly, so
that a hyperbolic function is created.

As may furthermore be seen from Fig. 8, the pulsations are dependent on the relation
between the hydraulic time constant of the metering unit and the cycle duration T of
the modulation frequency. The hydraulic time constant is primarily determined by the
storage.volume of a piston or a diaphragm in the pressuie differential control, but also
by the diameter and the length of the burner line and by the flowcharacteristic of the
burner. The pulsations are measured directly at the burner. Since pressure differential
controls fitted with metering units, as used for small gas turbine application are, in
particular, operating without servo energy, they require diaphragms (or pistons) which
have a relatively high stroke volume. This means first of all that irrespective of the
design of the metering unit employed, the time constant 2' for the step response of the
fuel flow may hardly be expected to be less than 80ms. This also applies to the describedcase. When choosing a modulation frequency of 50 Hz (T = 20ms), Z/T will be 4.

It may be seen, that at 5% of maximum mean flow Qm, 9% of the flow pulsations are still
prevailinq which are causing a corresponding fluctuation of the flame temperature in the
combustion chamber. Relevant investigations have still to be undertaken. It can be said
already now that the temperature at the surface of the turbine blades will only be affec-
ted by a small residual amount of the pulsations. As a result of the pneumatic storage
capacity of the combustion chamber and of part of the compressor, the pressure pulsations
to be expected will be additionally smoothed. Besides, the load limit of 9's turbine
engine is not reached at 5% of the maximum flow. In most cases the total metering range
of small to medium size gas turbine engines does not exceed 20.
The pulsating share may also be reduced by providing for a fixed minimum flow by-pass of
e.g. 2.5% (ref-er to broken line of curve). In this case a certain disadvantage may,
however, be seen in the circumstance that in the lower part of the flow range the pulse-
duration modulated valve would have to be continuously modulated down to zero flow, which
would entail a linearity loss. This may be avoided by starting the metering range only
above 5% of Qm.

A further possibility to reduce the pulsations at low flows would be to modulate in the
push-pull mode valves 1 and 2 at less than 15% of Qm.

This would cut the cycle duration to 10 ms, so that in this case the more favourable
dotted curve would apply for Z'/T = 8. If the original linearity shall be maintdined,
the metering range has to be reduced, since the total of the lowest permissible flows of
valves I and 2 are now determining the minimum flow of the metering unit.

The additional pulsations which occur when switching on the basic flow valves are negli-
gibly low. The total switching time of the ball valves plus pilot valves is in the order
of 3 to 4 ms. The dissymmetry of the switcning behaviour does not exceed 1 ms. If e.g.
valve V4 is in the fully opened position I ms later than V3 or V2 have switched to the

closed position, the flow would drop to the zero flow rate (refer to Fig. 4, e.g. Point A)
for a duration of 1 ms, disregarding the hydraulic inertia. With due regard to the time
constants of the fuel lines and to the storage volume of the pressure differential con-
trol, it can be said that the actual flow drop 3 in the order of 1%.
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5.2 Accuracy

With four valves employed, the linearity deviation is less than + 2% of reading over a
flow range of 80:1. At the beginning of the investigations, type and temperature of the
fuels were kept constant. For the rest, the same problems with regard to viscosity and
density are present than are experienced at the common continuous metering systems.

In both cases the accuracy is in addxtion, influenced by the quality of the pressure
differential control. Simple controls are keeping the pressure differential constant
within + 4 to 5%. The effect of this deviation on the flow rate being approximately half
of that- percentage. During the investigations so far performed, the deviation of the
pressure differential control was eliminated in order to be able to determine the accu-
racy which originates alope from the behaviour of the on-off valves.

5.3 Consumption of Electrical Power

On principle, fast acting on-off valves require a comparatively high controlling power.
By appropriate measures, only a short-time current peak is applied to the valve, whereas
but a low current is required to keep the basic flow valves open. The mean power consump-
tion of the four valves is altogether 15Watt with the controlling electronics included.
This value still remains within reasonable limits at a maximum flow rate of nearly
300 kg/hour.

6. Conclusion

According to the first investigation results obtained on a breadboard mecering unit, the
accuracy which on present metering systems can only be achieved by employing a sophisti-
cated feedback, can now apparently be reached with more simple means. The combination of
pulse-duration modulated valves and binary graded valves does, however, cause residual
flow pulsations.

To obtain detailed knowledge on the affect of such pulsations, relevant combustion chamber
and engine tests have still to be undertaken. The described method of controlling the
valves is, in the first instance, suitable for analog flow values and has proved to be

successful for basic investigations.

It is also intended to control the valves directly by a digital computer.

Even if no weight reduction is expected from the described metering unit it can neverthe-
less be said that the p-oduction cost will be lower thanks to the more simple design. An
improved reliability is also to be expected.
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DISCUSSION

D.M.Griffiths, UK
What is the perturbation in fuel flow when V4, which switches one half the total flow, changes state?

Author's Reply
(a) If for instance V4 is closed, valve V2 and. V3 will simultaneously open. The degree of modulation of VI will

change also (refer to P,,int A in Figure 4). It is in particular due to the special kind of control employed that
large pe-'-:rbations, as are for instance still occurring in Figure 1, will be avoided.

(b) Though perturbations are still present during the transient time, they are only in the order of 1%, since the
transient time takes just a few milliseconds (approx. 4-6 ms at V3 and V4, and approximately 1.5 ms at V2
and V3), and since the flow spikes are intensely smoothed due to the hydraulic inertia of the fuel manifold

M.J.ioby, UK
The smallest valve in the system in required to oscillate. rapidly what life can be expected with this device, and are
dirt and magnetic debris likely to cause problems!

Author's Reply
During the breadboard tests carried out so far, Bosch solenoid valves (for fuel injection on Otto engines) have been
used for VI and V2, and pilot valves have beer. used for V3 and V4.

Irrespective of the poor lubricating properties of gasoline, such valves (refer to Figure 7) have not shown any wear,
not even after 150,000 driven kilometers (approx. 3 000 hours). The ;alves are provided with strainers to keep away
dirt and metal particles which have passed through the working filter fittwl at a further upstream location Magnetic
debris having a particle size of <I0 .n does not accumulate in the valves used. This may obviously be attributed to
the frequent and abrupt armature movements, to the fact that the valves art .1ushed with fuel and last bu* not
least, to the vibration imposed from the outside (in the case of the Otto engine) For the rest, it is also conceivable
that nunute particles, as far as they are not stainless, ar -veloping a lubricating property in conjunction with the
futi Gas turbine application design techniques may al, oe applied, which lead to an increased reliability, such as
for instance tMe frictionless suspension of the magnet armature by nieans of so called spiders.

I
I



APPLICATION DES MICROPROCESSEURS A LA REGULATION DES MOTEURS DIAVIONS MILITAIRES
Conception de5 r~gulateurs 6lectroniques

par
J.M. COLLIN et B. GAJ

ELECMA, Division 61ectronique de la SNECMA
22 quai Gallieni

92150 Suresnes, France

RESUME

La disponibilit6 de circuits ) haut niveau d'iritrgration o-ffre au concepteer de nouvelles possibilitbs
pour dbfinir rationnallement des automates nurii iques int~gr~s dans le systbme de regulation des propulseurs.

L'architecture de ces automates eat d6finie en preriant simultan~ment en compte

- las qpacifications fonctionnelles,
- les sp~cifications op~rationnelles qu ortent aoamn ur lafaiitse ur l icr e

micsions, cotinetenlo.us uobanet a itit e ascrtds
lesconraitestecnolgiqesimpos~os par en environnement agreasif.

1. - INTRODUCTION

Lea performances toujours plus grandes exig~es Jso turborbacteurs -po-,ds, pouasse, consoresation, pilota-
Lilit6, sftcirit6, disponibilet6- dana de trbs vastes domaines de vol impliquen' Line sophistication gans cease
croissants do lour a1 ,atgme de r~gulation. 06s lora, lea motoristes sent conduits 6 associer rca r~gulateuira
hydrom6-caniqus et glectroniques en r~partissant l'autorit6 relative de ces deux technioues en fonction des

objectifa Ii atteindre, qu'ila soient forictionnels, op~rationnels ou 6conomiques.

L'6volution spectaculaire de ls densit6 des circuits int~gr~s permet de disposer de micro-mini-calcula-
tours cans ein boltier de 10 cm 3 cej de r~aliaor des unit~s de traitement 6 tr~s hautes performances en asso-
ciant ense douzairle ce circuits LSI. Cans ces conditions, noes peuvons rgalispr des r~gulateura etilisant au
rajeux lea resseurces mat~rielles et logicielles.

L 'analyse du procusses do r~gulation, ls definition claire des objectifs de snret( do fonotionnement,
le pr-ise en compte des contraintes iincos~es par I 'civironni pent perinettent au concepteur de d~finjr mbthodi-

4 quemnert des 3trectures particulibrement deptdies le rdgulation des turtgomachines.

2. - DFINITION DES STRUCTURES FONCTIONNELLES D'UN RtGULATEUR NUMtRIQUE

2.1. -ANALYSE DES SPECIFICATIONS FONCTIONNELLES

Lea spfcifications fonctionnelles portent C;ur

- ladcquisition des pararsbtres do 1la r~gula3tior.
- I1 'sx~cetion des t~ohes cop respondent crux diffi('rentes phases do la r~gulation,
- 1 aetLiatioI,

- le corrportement crynamiqUe.

2.1.1. - Acquisition des param~tres de la r~gulation

t nomrire ds parembtros ' cquerir Lrgpend des lois de rd gulation et des niveaex do redonddance
r etenus. Une configuraticrn typique east eunnee figure 1.

Le enoix de,, captr urs adapt~s a uin traitement ne'0iriq~uL st relativement limite -.ompte tone des
contrdintes deG fiabillto (environnement physiqL D) , dre scrui-ta (testaoi lit~l et dc fao-ilit4 d ' iolerrent
galvaniqee.

2.1.1.1. - Mesuresdeesto

Lt- :PoLpr5 6ectrorregn~tiques, foricticnnint en PretiernetreC dvec Lies frdqUenoes pnr-te~lba orrprIu
entre 400 Et 4000 c/a, sont tbien adapt~s aux probil~mes pos~s.

En fonotior du nomer e doapteurs et Ld, s rnens pcissantes necesair es. r jus itilidons tresm~
us traiterent:

- 1lapproche classique de la i
0 ogure 2.1 . aeoc en mcdulp do conditaonnemon-t oar Voio,

- I' ocnentil lonnage direct ou atyial al torratif asoc if en ci-cu.lt de cancl ore dr filtrFe
)ftgiurU ' .,-.

- le muneltipl Lxagc O'er, amodu lateur )ftgorE 2 .3 .) un eff eutuant Il'ecquLIS1 t Ion en p ircill 1" 1P erL( le
ca-ul et efO compeisaunt 1 ef-er de ra-tards par Lips ritanaux 1-crrecteuir dppropr sos.

2.1.'.2. - Mesures de vitesse de rotation

La vitessr do rotaition ea3t proet pairi zr.qu ,,L JpiI rec -ast Par es c:apteUI a ird,CAtifb
5p-t ,3r jos altter ltr Si. Ld reurs deps ct-,e oucess if' ! ,U pteerl et n Kr1traEgoni~r10 O

2' L rio-ur -. cornpr ie 1 :rorn-r5~r ' i

2.1.1.3. - Autres-informiations

L'~~oq~~aiti'2'~ J'0 5 -eI. 1fi '1~3KCe~ge
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2.1.2. - Actuation

L'4laboration des signaux de commande (6 ) 8 comrnandes continues. 8 3 10 commandes tout ou naen) ne
pose pas de probl~me de choix si nous nous imposons 1'una des conditions suivantes:

maintien des sorties 3 la valeur pr6c~dente en cas de panne autod~tect6e,
-commrutation, h one valeur pr~d~termin~e per une commands pilots.

2.1.3. - Les tAches correspondant aux-diff~rentes phases de !a r~gulation

2.1.3.1. - Repr sentation du fonctionnement

Une proprift& fondamentale du processus de r~gulation est que l'&tat do moteur d~pend essential-
lement de l'6tat pr~c~dent at qua les transitions possiblas antre 6tats sont eni nombre fini at bian d6termin6
(figure 3).

'.a prise en compte de ia r6p~tition des phases de r~gulation sac st/ou post-combustion 3 chaque
p6rioda d'6chantillonnage et de leurs sp6cifications particuli~res permet de compl~ter le r~seau initial et
d'obtenir l'organgravee g~nbral de la figure 4.

Chacuns des transitions du graphe de ia figure 3 peut 8tra rapr6sent~a par des graphes partials
qui conduiront 3 des organigrammas d~taill~s :3 titre d'axempla, is fonctionisment de la phase d'allomage
de la post-combustion ast d~crit par las figures 5.1., 5.2. et 5.3.

La mod~lisation par r~seaux de P6tra do fonctionnement g6n6ral du syst~me puis l'6tablissement
at is regroupament da r~ssaux partials facilitent is dialogue entre las ing~nieurs concern~s par is r6gula-
tion, gulils soiant tharmodynamicians ou 6lectroniciens, permnettant de d~tecter las oublis at de lever las
ambigult6s des sp~cifications. conduasant sans difflcult6 ) l'6tablisssment des organigrames. Par ailleors,
catta mod~lisation paut randra syst6matigua 1iaxtraction du parall~lise antre las diff6rantas t~chss de
is r6gulation (880 77).

2.1.3.2. -Charge de calcul

Laensembla des calculs 3 effactuar 6 chaque pbrloda d'6chantilloninage rapr~santp una charge
6quivalante 3 l'ex6cution de 500 3 2000 op6rations 6l6mentaires de m~molra ' m6moire.

Cepandant. l'analyss des ante-actions antis las daffbrentes boocles at l'ind~pendancs de cartainas
fonctions 3 l'int~raaur des boucles, permat de d~gagar un dagr6 da parallelismfe fImportant, ce gui permet

daenvisagar l'utilisation de plusisurs proceseurs banalis~s ou sp~cialie~s pour constituer l'unit6 da
traitamant.

2.1.4. - Comportement dynamique

j La precision at la stabalit6 da la boucle de r~guiataon sont la6es au choax da is p6rioda d'6chan-
tallonnage.

Nous avons ratenu pour un r~gulateur 6lsctronagua 3 hautas performances une p~raode d'6chantillon-
rags do 20 me sues la pussibalit6 d'affacter a des t~chas d~tsrman~as un nombra ds pbriodas multiple ou plus
rarement sous-multiple de la p6raoda da bass.

2.2. - PRISE EN COMPTE DES CONTRAINTES TECHNOI:DGIQUES

L'automate O r~gulation num~ragUs doat assurer las performances repulses dans un envaronneeent
thermigus,, viz tt-, 6lactrigus at radao-6lectriqUe partacu1asremant sMv~ra qua limits lee choix des

technologies L:1.

La tcchnoutcju b~wpacrc (TTLLS) autorisa de trbs bonnes performances,. sa flaalat6 previsionnelle
act la plus prometteuss. En ccntrapartia. ella demands un refrololseasant plus efficace, at la problbma ds
microcoupuree d'alamantatlon is peut ftre rrisolu gu'en faisant appal 3 des soos-ensembles CMOS.

La techiiotc9 4e CAWS. loregue las performances sont suffasantes. semble particuli~rement Plan odaptde
aux applications militares. Laimmunat6 au bruit st excellants, eon 6volutaon an temperature st stable.
sa consomiestion statigus eat faible.

2
ious avone 6iin6 la tochnulogas I L pour cause d'immaturit6 at las technologies (105 dynamaguas qua

se sont r6v~ldes troo senelblee 3) haute tsmp~rature.

Noe applications actualles sont donc oas6Les sur las micyaprocsssurs

- 2900 :Ficroprocesseur an trancha ds 4 bats, micropugremable.

La famills 2900 st trds largament utalasas sane des applications militairas at spatiales.
Les versions actuullas sunt an tccnologla bapolaira maasis donurnreux constructaurs d~valuppent des versions
CMOS cur sapnar dane le but de r6duira las consummations at doftendra is fonctaunnament 3 des temperatures
trds 6lev6as.

-6100 Microiprozesseur 12 cats en teennologase CMO0S.
La logacaa1 

du 6100 act compatiols avac cal di caiculateur P0085.

-8C Maroprocessar 8 oats an CMOS0-.
L arcnatucture du COP 180? tens partaliItreMant aSa !a "-snapuldtion de donn~as.
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2.3. - CHOIX DES STRUCTURES FONCTIONNELLES

Le r~gulateur 6lectronique assure deux fonctions essentielles

- ls s~quencemfent de 1a regulation tant au nivsau global qu'au niveau de l'ex~cution des t~ches
6l6mentaires (figures 3 et 4),

- le traitement des fonctions arithm~tiques associ~es.

Les fonctions de s~quencement at de traitement peuvent btre regroup~es, on a alors une structure
classique de mini-calculateur g~r6 par un moniteur temps r~el, ou partag~e physiquement entre un op~rateur
de commande et des op~rateurs banalis~s ou sp6cifiques.

Le choix entre ces structures est li6 aux sp6cificat~ons g~n~rales de l'application envisag~e :capaci-
t6 de traitement 6volutive ou non, facilit6 d'introduction des techniques de sOret6 de fonctiunnement,
adaptation 6 l'6volution de la technologie ...

Les possibilit~s offertes par les microprocesseurs en vue de Is r~alisaticn de r~gulateurs 6lectroniqus
sont illustr~es par Ia description somreairs de trois ensembles:

1. un r~gulateur 6lectronique type mini-calculateur (figure 6.1.)
2. un syst~me multi-microprocesseur (figure 6.2.)
3. un r~gulateur 6 op~rateurs (figure 6.3.)

2.3.1. - Un r~gulateur O1ectronique du type iini-calculateur

Ce r~gulateur est organis6 en associant 6 un microprocesseur CMOS un oparateur arithmatique. Il
comprend daux cartes:

1. La carte interface analogique qui assure les conversions analogiques-numariques et num6riqus
analoj iques ainsi que la miss en forms des signaux tout ou rien. Pour obtenir une configuration mat~rielle
minimale, les voiss deontras et de sortie sont transf~r~es par 1'interm~diaire de buffers considaras comme
des adresses mamoire.

2. La carte processeur (figure 7) est constituas par

- un mir:,.orocesseur COSMAC (8 bits),
- un mulAplieur 16 bits du type saris-parallble raalis6 en micro-C-llctronique hybride,
- uns maire programme de 4 K jctets,
- uns mamoire de travail de 1 K~ octet.

Ce processeur est capable d'exacuter en 5 ms environ l'ensemble des traitements d'un correcteur
numarique simple raalisant:

- lacquisition do 4 vois analogiques,
- ls calcul de 3 g~narateurs de fonction.

- la commands de 2 boucles de courant en mode proportionnel et int~gral,

- la commands de 3 votes analogiques et de 5 voiss tout ou rien.IL'ex~cution du programme st contralas par un micro-moniteur ce qui permet de prograrivnr lut oif-
farentes taches de la regulation comme des blocs ind~pendants at d'effectusr p~riodiquement des tests ds
bon fonLtionnsment (aUtotest 76 la miss ,ous tension, Calcul de vraisemblance ...)

2.3.2. - Un r~gulateur multi-processeur

Un r6gulateur constitu6 par un ensemble d'unit~s fonctionnelles b)analisbes capables d'ex~cuter
plusisurs traitements simultan~s st particulibrement attractif. Une tells structure permet en effet

- l'augmsntation progressive ds la capacit6i de traitement,
- la reconfiguration du systbme en cas ds panne datectas,
- ia standardisation de sous-ensembILs raalis~s avec dos micro-calculateurs fiables at relativement

peu onarsux.

Par aillsurs. ls contr6le r~ciproque dee diverses unitas en~liora 1'efficacit6 des autotests.

La modblisation du procpssus ds ragulation par rgseau de Petri et l'utilisation des programmnes
d'ordonnancsment permettent ds mettre en evidence le degr do parallalise at d'utilissr au mieux lee rassour-
ces disponibles.

Appliqube 6 la ragulation en mode post-combustion d'un turnoraacteur sir191le corps double flux, on
obtient )es gains de tea~ps d'ex6cution reprasent~s figure 8.

L'organisation pr~ssnt6e figudre 9 conduit 6 des taux d'occupation ds 70 8, 5 5 6 %,63 % e
chacun des 4 processeurs.

IiEn fonction des critbres reprasent~s figure 10, nous avons retnt vour un systbme do ragulation
complexe la configuration 5uivants

- contr~les centralisi par processaur maltre.
- coisnuniza-tions indirectes d'at~es

- bus commun.

Lc procaesur maltre set charg6 ds gbrer tous las 6changes ir~terprocessE-irs ot da reconfiC ..- r s
modules esclaves en cao as panna est 6quip86 d'une horloge famps r6sl.
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Le nomnbre de liaisons de synchronisation entre les processeurs 6tant assez faibile, les commanications
entre esciaves transitent par le maltre qui peut alors les v~rifier.

Le comportement du processus et le temps requis pour 1'ex~cution d'une t~che sont parfaitement

d~termin~s (organisation statique du systhme et instructions 6 temps constant). Dans css conditions. l'alloca-
tion du bus est faite par le maitre A des instants pr~cis, ce qui permet un contr~le suppi~mentaire et rend
facile i'6tablissement des protocoles de communication.

La miss en oeuvre d'une maquette de d~monstration n'a pas pos6 de probl~me particulier. La configu-

24 broches, 56 boltiers 16 braches.

2.3.3. - Un r~gulateur a op~rateurs

ASMARA (Automate SOr et !odul Nre Adapt6 aux R~gUlations Avioniques) a Wt d~velopp6 par ls LAAS )

dens le cadre des contrats ORME/ELECMA et ELECMA/LAAS.j

Sa structure eat d~finie par affinements successifs en prenant en compte simultan~ment ou s~quentiel-
lement las cantraintes et las objectife

- volotion vers on r~gulateor 6 pleine autorit6, ce qui implique la capacit6 d'introduction des
techniques d'obtention de la sOret6 de fonctionnement.

- consommation faible A bas r~gime moteur de far~on A assurer is r~gulation du rallumage en vol dans
une configuration oO la g~n~ration 6lectriqos autonome a one puiesance limit~s,

- functionnement A parforerances r~doites en mode secoors,
- grands capacit6 de traitement.
- foible dissipation thermiqus de facgon A limiter is dimensionnement de la source de refroidissement

de lvautomate mont6 sur moteur,
- tol~ranca aux microcoupores de l'alimentation.

II en r~sulte le sch~ma synoptique de la figure 11.

Le bHoc de commande a uine structure monoprocesseur r6alis~e eutour d'un micraprocesseor criOS IM 6100
A foible consorneotion. Sa capacit6 de traitement est suffisants pour assurer le s~quencemert de la r~gulation
compi~te at is traitement des modes raliumags vol et secours 6lectronic is.

Le Hocc de caecu.C comprend on processeor 16 bits at Line m~moire programmes. L'uilisation dWon micro-
processeur bipolaire en tranches fonctionnant ovec on cycle d'horloge de 250 ns d'uris part, is gain specta-
culairs obteno par lea techniques de microprograrrmation d'autre part, is rerdent particuli~remert performant.
Notons qo'un champ do micros~quenceur est r~serv6 A la commande d'un multiplisur rapids ce qui permettrait si
ndcessaire de romener is tamps d'ex~cution d'une multiplication A) 2 ua.

La miss hors tension do bloc de calcul pendant environ las 3/4 de la p~riods d'6chantillonnogs.csous
cantru a do bloc de :ommonds. permet de limiter la dissipation tharminue A 6 W.

La m~moik'e de 6auvetage. L'6nergis stocK~e dans oin condensateur ds 100 pF st suffisante pour sauvs-
gardar pendant 100 ins, en cas de caupure d'alimentation, le conteno d'une m~moirs CZM0S an mode inactif.
Cependant, las operations de sauvetage btant toojoura p~rilleuses, la m~moire est scind~s en daux blocs aux
r~les sym~triques :on bloc contient lea informations relatives A la p~riode d'6chantillonriaga pr~cbdente,
l'autre bloc permet ds m~moriser les informations 6alborbes pendant la p~riode en cours. Las r~is de chacon
de ces blocs sont intarvertis sous contr~le do s~quanceor.

Le.6 bocs d'acqwit-cron e-t d'ac-tuatcon ont on fonctionnement autonome sous contr~ls doun microproces-
seor local charg6 riatamment de r~gler lea conflite d'accbs.

La4 &cOl6. L'utilisatior, de liaisons d. type s~rie parallble permet de r~duira l'intarconnexion
J at ds fociliter laintrodurtion des techniques de o~ret6 de foncticnnement.

'2.4. - L'ORGANISATION LOGICIELLE D'UN REGULATEUR

La comportement d~ter'inista do motaur vis-6-vis de so r~gulation perreet de msttre en oeuvre on
logiciel sOr de par so simplaLcat6 at son observabilit6.

2.4.1. - Le moniteur cemps r~el

La nombre d '6totseat ds transiticns entra ces 6tots 6tant parfaitemrit d~tcrmin6. 1 *enchalnement 025

t~chas st du type statique :lecture de tables correspondant h la configuration du syat~me at 6 l'Otat de
l'horloge temps r~el.

L-3 structure g~rA; die rppr~spnt6a figure 12 -ait ar ji altra troi- grapes de fanations qui ant !a
m~ma oegonisotaan

- le groupe des gastion des rassoorcos mot~r aellus, A,
Ie groups r~gulataar do procesacis R,

- le groupe developpeiient 0.

Las groupos A ert R fontrnnar t ci temps e
1

.i.rsi'rtaercctiuns su tbarr ant Ades transfe:ts
C c'drgrnerit5. Lae graupa D ga-innar 2i 1'cpar atar d' 'n r arose ja rlevelurp_,rrnt su., las graupas A at R.

Sorn funutiarnrmnt en tumbs r~E-i r 'aist pds a-jtcris(A p~ r I-i 'JL ,C~rjtqr.

% Lalcratoaae JAutraraq,- Lt -nA'alysa. des (.y,' Gc-

Lar DRM at V~A 7e/431
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2.4.2. - Le jeu d'instructions

'es techniques de microprogranmation permettent dG cr~er un jeu d'instructions sp~cialis~es particu-
li6,rement simple et efficace qui utilise au mieux la rapidit6 des micrcprocesseurs bipolaires et qui peut 6tre
mis en ceuvre sans faire appel edes sp~cialistes informaticiens:

- la structure multi-adresse facilite l'6criture, I'assemblage et la v~rification des programmees de
r~gulation, elle correipond par ailleurs au mode de pens~e natural de l'automaticien (dautant plus que toutes
les instructions du groupe R sont A adressage direct),

- le choix d'un repertoire sp~cialis66 implant6 par microprogrammation ccnduit 6 une reduction notable
du temps d'ex~cution d'une t~che puisque Jienchalnement des microcommiandes est du type explicite.

Des extraits du jeu d'instructions de l'automate ELECM'A RN 1287 et un example d'application sont
donn~s figures 13 et 14. Dans le cis oCO lapplicatiorn ne justifie pas l'utilisation de microprocesseurs micro-
programmables nous remplagons les instructions sp~cialis~es par des macro-instructions.

2,4.3. - Repr~sentation des donn~es

Les variables r~elles ayant une signification physique donc une dynamique born~e, nous avons choisi
de les repr~senter en compl~ment 6 2 avec un cadrage en virgule fixe.

L'effet des troncatures dans les multiplications lorsqu'il d~grade la pr~cision est compensb par des
recadrages ;les d6passements interm~diaires, dens le cas d'accumulat'ons, sont facilement d~stect~s et
corrig~s.

3. - LES STRUCTURES OPtRATIONNELLES

Las structures op~rationnelles prennent en compte la slret6 de fonctionnement du syst~me de r~gulation
sp~cifi~a en termes de fiabilite. de s~curit6. de disponibilit~s.

3.1. - CONPOSANTES DE LA SURETE DE FONCTIONNEMENT

Le syst~me peut se trouver dens les 6tats suivants

1) non d~faillant
2) d~faillant mais en panne d~tect~e
3) d~faillant en panne non d~tect6e

La 6-abftt (R) est la probabilit6 de se trouver dens l'6tat 1 de 0 b t.

Lai cWfLt (S) correspond aux Ctats I at 2 avec dens le dernier cas le maintien des grandeurs de
commande 6 une valeur pr~dfte.-nin6e.

La d-L~pofibi.tt peut @tre mesur~e par le MTBF.

la ma.ibtenabZZitg est Wie 6 la probabilit6 de localisation et de reparation correcte des 616ments
d~faillants.

3.2. - EVALUATION DES COMPOSANTES DE LA SURETE DE FONCTIONNEMENT

Les outils math~matiques issus de 13 th~orie des processus stochastiques permettent un acc~s syst~ma-
tique dux composants de la sOret6 de fonctionnement. Une analyse d~taill6o ainsi que de nombreux exemples de
structures embarqu(-es soumises 6 des cycles de mission, de v~rification, de garage sont dorns par (LAP 75).

Les figures 15 et 16 rontrent la ndcessitA d'une 6valuation rigour2use

- les gains spectaculaires bas~s sur des hypothbses simplistes sont souvent illusoires,
- 11 est facile d'augmenter les cofts, le volume sans gagner sur la fiabilit6.

3.3. - TECHNIQUES DE DETECTION ET BE RECOUVREMENT DES PANNES

3.3.1. - Les structures redoridantes conduisent A uri volume mat~riel important. L'6valuation de leur fiabilit6
at de leur s~curit6 doit prendre en compte lee probabilit~s de bonne d6tection, de transmission correcte du
contexte at 1lexistence de points ours. Les pannes de mode corenun (r~seau de bord, environnement physique),
la propagation des pannes dens les structures, les doubles pannes... peuvent conduire 3 des performances
tr~s 6ioign~es des performances th~oriques.

3.3.2. - L'implantation locale des techniques de detection et de recouvrement des pannes permet A performances

6gales de diminuer le volume mat~riel total. Les ressources A mettre en oeuvre d~pendent des sous-ensembles
cons soeras.

3.3.2.1. - Interfaces d'entr~e-sortie

Les tests de vraisenmhlance sur les valeurs at leur gradient, la pr~vision de 1'6volution des pare-
m~tres pauvpnt 8tre compl~t~s par !e calcul des param~tres manquants ou par la mise en place de redondances
au niveau des capteurs at des conditionneurs.

3.3.2.2. - Les unit~s centrales a microe2ocesseur

A moins de concevoir sp~cialerent un microprocesseur autotestable, il est pratiquenent impossible
de d~finir une strat~gie conduisant a un aut-,test A haute efficacit6, on fera donic appel, si n6cessa-,re, b
la structure de la figure 17 qui bian que necessitant 4 unmt(s conduit A) un gain de consorwnaticn par rapport

un syst~rne triplex, facilite la reconfigurat~on, r~duit le nombre de points durs thorloge et comparateurs
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autotestables).

Il est 6 noter que des uritds autotestables peuvent 8tre r~alis~es avec des circuits 6 tr6s

haute densit6 d'int6gration.

3.3.2.3. - Les m~moires

Les moyons 6 mettre en oeuvre d~pendent de la taille m~moire, de la dur6e des missions, de l'6tat
de la technologie (organisation de la memoire et modes de d~faillance) ainsi que du temps accordI6 6 la d~tec-
tion et au recouvrement des ponnos. Les techniques appliqu~es pour de grandes capacit~s m~moire ou pour les
dur~es de mission des satellites ne sont pas transposables directement pour des r~gulateurs num~riques cO la
taille du programme est comprise entre 1 et 4 K mots, celle de la m~moire do travail 6tant de l'ordre de
64 mets.

La d~tection et le recouvrement des pannes des m(3noires peuvent faire appel aux moyons suivants

-La checezawn appliqu~e au niveau dun bloc do m~moire morte permet do d~tecter 100 % es errours
simples et environ 95 %des errours doubles. Des variantes -somnme arithm~tique, calcul des r6sidus- am~liorent
cette efficacit6. Pour la mgmoire programme,. la cheksum pout 8tre appliqube en mode d'autotest ou en mode do
reprise lorsqu'uno panne est d~tect~o par des chicns do garde naturels.

- La pa'uX9 (plan bit) est applicable si Von dispose de mets do 1 bit ou si on organise la m~moire
on mets de 1 bit. On pout adjoindreoune parit6 crois6e ou un codage vertical ') la m6moire programme et
corrigor l'effet d'une panne d~tect6e si on accepte une d~gradation du temps do lecture qui so r~vle dons la
plupart sans effet notable au niveau du temps d'ex6cution du programme (figure 18).

- Le6 .texzhniquez de codage on particulier los codes do Hamming d~tecteurs ot corrocteurs d'erreur
sent particulibrement efficacos pour des r6meiros do grands capacit6 (figure 19).

- La~ tech~wqua touAdev6 do reondanco massive no sent pas 6 6cartor compto tonu do l'augmsntatien
porma into dos donsitgs d'implantation (64 Kbits sur un chip) et do la r~alisation des votours au nivoau des
unit~s centralus.

3.3.2.4. - Les liaisons

Les liaisons qui comprennent les fils do c~blags at los 6metteurs-r~cepteurs associ~s constituent
dos points durs en particulior dons les systbmes multiprocosseurs. La transmission en mode s~rie parallble
qui assure un ben compremis entro 1a vitesse des transforts, la r6ductien du volume mat6riel, est fiabilis~e
par des techniques do rodondance cu/st do codoge, cotone cellos appliqu~eS aux m~moires.

3.4. - AMELIORATION DES TAUX DE PANNE DES COMPOSANTS

Los pannes dos composants 6lectroniques restent in6vitables malgr6 los pregr6s do la tochnologis.
Le prise en compto do lowj existence lors do la conception pormot don minimiser los effots sur ls comperte-
mont du syst~me mais no rsoud pas compl6tpmpnt los problbmes

- do subsistanoe des points durs.
- do disonibilit6 des syst~mes (on a vu pour ce faire,, proposer des structures 6 onzo calculatours

tripl6s),
SI - do maintenance (diagnostic et r6paratien imparfaits avec leur effet n~gatif sur la sfcuritO .

Le taux do panne des composants pout Otro r6duit par divers mcyens

-choix des fili ,ires technelegiquos appropri~es et connaissanco fine do leur comportoment,
-cheix des techniques do d6verminage tant pour los composants quo pour les ensembls,
-qualification des fournissours,

-contr8les d'entr6e renforc~s.

Par ailleurs. la mdjorit6 des pannes 6tant induitos par des contraintes oxtiriouros, one bonnle con-
naissancu de l'environnement du rigulateur 6lectronique permet do mottre en place des mayens dostinis 6 en
riduire ladgrossivitC.

On pout espirer quo l'ensemtjle des actions pricitios psrmottzont d'obtenir poLor los rigulatours
6lectroniriues dos taux de pannos analogues 6i ceux des systbmes In~dromicaniques (KUH. 76).

4I. - ONCLUSION
Los ctrcuits 6 haot nivoau d'intigrution, on particolier los microproceseirs, ouvrent up rauovelles

perspectives dons l'61aboration den systies de rigulation de meteor. Loutilisaior d'ootils rigoureux
d'analyse et di6valoation est nicesbaire pour faire los neambroux choix techniques qui conduisont aux
structures los mioux appropies.

La diversit6 ces arcnitbo.tuies possibles pslmet d'envisager dss solutiLons adoptoes dans cnaque cas aux
objectifs fixis. Pour lee applications simples, dss rogulateu-s compacts et 6cenomiqoes Sent rialiSdIb~cs.
Pau, los applicat~ons plus com-,plexes, do nautes performances sont accessibles par l'adeptian do macroprrces-
sours puissants ou d'architectures multioxocessuirs. Eus dern.,eis onstituent 6golemont la base do T6gula-

tours mii's do fonctionnrrennt raisonnaelomont rialisneles.

P.
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Param~tre Nom Capteur Signal rype

Position manette a Resolver sin a, cos a AC

lemp6rature entr6e Tt2 Sonde platine R(Tt2) R6sistif

Pression stdtique Ps4 Pont de jauge V(Ps4) DC

R6gime moteur N Roue phonique R/N, N Fr6quence

Temp6rature sortie Tt7 Thermocruples V(Tt7) DC

Section tuybre SID Potentiom6tre inductif K S10 AC

Positions uoseurs C1, C2 Resolver sin e, cos e AC

Commandes, 6tats Switches T/R

AC porteuse 1000 c/s

DC Las nivean

T/R tout ou ren 0-28 V

PRINCIPAUX PARAMETRES DE LA REGULATION

FIGURE I

r1

!f
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DISCUSSION

J.Dunham, UK
What type of microprocessor do you use? How many microprocessors do you consider necessary (in a single
control lane) to achieve satisfactory control of reheated engine?

Author's Reply
- We have been using a) IM 6100 12 bit CMOS

b) Intel 3000 2 bits-slice

now after evaluation
RCA 1802 8 bits CMOS
2900 AMD a bits slice

tomorrow - CMOS/SOS version of 6800
-- CMOS/SOS version of 2900

- we refuse dynamic MOS microprocessor
12 L. too early - monosomie

Reheated engine
functional: 4 x 1802 or I micro -- programmed 2900.

16 bits slice

l.S.D.Stitt, UK
Keyword-Reconfiguration: The paper says that in the event of a microprocessor's faii::re in a multiprocessor the
computation is reconfigured so that the system will continue to give correct control outputs. Can the author say
how this reconfiguration of the tasks pet formed by the microprocessors is achieved?

Author's Reply
The main processor (permitted by technique of massive redundancy) detects the fault and stops the outputs for 20
to (50?) ins, after which it seeks a new table of tbsks in keeping with the reconfiguration.

Provided that the number of processors is sufficient, performance is maintained in full, othe!wise operation
continues with reduced periormance. In the worst case, resort is made to the hydromechanical emergency control.

D.Mouranche, Fr
In your personal experience, have you been able to establish progress in the reliability of components parallel to
progres in the performance and miniautisation?

Author': Reply
Whee progress concerns complexity and number of functions offeied Yes.

!n reliability or even only in availability for military purposes No
(Manufact trers develop cars and washing machines)
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THE DESIGN CONCEPT AND EXPERIMENTAL RESULTS U,,ING
THE INTEL 8080/8085 MICROPROCESSOR

by

Nicholas A. Justice M.Sc., M.Inst. M. & C.
Chief Engineer

HAWKER SIDDELEY DYNAMICS ENGINEERING LIMITED
Manor Road
Hatfield

Hertfordshire ALl0 9LJ
England

SUMMARY

Having been involved for over twenty years in gas turbine control systems, the
advent of the microprocessor gives an ideal opportunity to improve on both the system
control aspects and the unit cost. The choice of microprocessor is fundamental to the
capability expected but the following discussion concentrates on how the INTEL 8080/8085
series were chosen to meet the requirements of a simplex fuel control system.

Prototype flight equipment has been built using the 8080A and is flying with full
authority in a twin engine helicopter. Isochronous load sharing on torque with
simultaneous data logging output of transducer inputs and control functions is provided
for monitoring purposes.

This detailed background is providing valuable insight to the true flexibility of a
microprocessor controller and also illustrates any shortcomings that the later generation
devices will need to overcome.

A fundamental CPU speed increase from 2 MHz to 3 MHz using the 8085 gives an
immediate improvement and further margin for growth on current 80P0 designs. Power
supply simplification for single rail devices are also significant in reducing the
complexity of construction and cost.

The final main impact of any microprocessor R. & D. activity is the ability to re-
use previously developed software. Where the unit cost is continuF.lly falling so does
this element become more significant. Because of upward compatitle software for the
8080/8085 series, a library of control software has been built up which can now enable
new cmntrol schemes to be implemented to high confidence levels within weeks instead of
months.

CHOICE OF MICROPROCESSOR

For gas turbine engine fuel control system tasks, the main criteria for the choice
of a microprocessor are as follows:-

(1) Sufficient speed and software repertoire to be able to undertake the control
ta-ks in the time available.

(2. P.ven semiconductor technology offering the requi.'ed basic reliability to
the components and in-volume production.

(3) lhell supported microprocessor development equipment with appropriate software
aids to speed application developments, and reduce the amount of first-time
software.

(4) A powerful supporting chip set for the basic microprocessor, thus reducing the
overall system component count and, if smart interface chips are available,
generally increasing its overall peed capability.

(5) For Military applications, the chip set, including microprocessor, must be
available to the required temperature range of -550C to +125 0 C and meet BS9000
or MIL-STD-883, preferably with JAN or BS9400 approval.

(6) Multi-sourced microprocessor and supporting chip set ensuring flexibility and
continuity of supply.



Review and experience of several devices employing different semiconductor
technologies and with data word lengths ranging from 8 to 16 bits concludes in the
selection of the INTEL 8080/8085 series for simplex fuel control applications. The
devices considered are all rated for operation over the full temperature range, and
include:-

MANUFACTURER PART NUMBER DATA WORD TECHNOLOGY

Intel M8085A 8 bits NMOS
Intersil IM6100A 12 bits CMOS
Texas Instruments SPB9900A 16 bits I2L

Previous experience has shown that it is desirable to perform fuel flow calculations
with a resolution of at least 10 bits (.1%) and tlat the programme cycle time should be
short enough to allow the calculation to be updated approximately every 16 milliseconds.
The advantages and disadvantages of the various processors may be summarised as follows:-

(a) INTEL M8085A

The 8 bit data word requires the use of double precision arithmetic in some
calculations, but this is facilitated by a number of instructions which
operate on register pairs. 8 bit operation also fits in well with the use
of standard memories.

The instruction set lacks multiply/divide instructions, necessitating the use
of external hardware or software routines. Depending on the application, a
balance is struck between using a hardware multiplier (also now available as a
single rail device), or the extra memory and processing time that a software alone
approach implies. We have developed certain software techniques which allow
critical fuel flow calculations to be updated in the required time without
additional hardware. These have already been successfully demonstrated using
the 8080A. With the 8085A speed increase of 50%, the same routines can be used
with even greater safety margins. The single 5V power supply of the 8085 also
overcomes the other disadvantages of the 8080A's more complex supply requirements.

The semiconductor manufacturer is fully committed to the development of Military
temperature range components, the 8080A being the first microprocessor to be JAN
qualified, with an M38510 slash sheet. Similar action is anticipated for the
8085A which is second-sourced. Above all, the microprocessors are fully
supported by a family of compatible interface components, and it is these that
enable very low component count controllers to be configured. For future growth
INTEL is developing a family of software compatible devices including:-

(1) 8086 - a 16 bit microprocessor with advanced instruction set

(2) 8088 - a 16 bit microprocessor with 8 bit data bus, ideally suitable
for upgrading from 8085

(3) 8048 - an 8 bit single chip microcomputer

The whole microprocessor family is extremely well supported with hardware and
software development aids.

(b) INTERSTL IM6100A

At first sight the 12 bit data word appears ideally suited for the resolution
requirements. However, since most standard memories are partitioned :.nto 8
bit words, it proves to be wasteful of memory. The lower power CMOS technology
is an advantage in some applications, particularly battery powered, and the
microprocessor is second-sourced.

The processor uses the Digital Equipment Corporation PDP-8E instruction set.
This makes available a very extensive repertiore of proven software techn -ues
but the instruction set is now outdated and limited compared with more recent
developments.
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The other major disadvantages are its slow operation, and the absence of
multiply/divide instructions, necessitating the use of external multiply
hardware.

Although the microprocessor has now been available for several years, there has
been little evidence of the development of compatible interface components, and
more advanced processors.

(c) TEXAS INSTRUMENTS SPB9900A

Experience of similar control requirements has been gained on this device and
the INTEL 8080. It is a 16 bit microprocessor with a powerful instruction set,
includii.g multiply and divide, making it possible to meet the resolution and
programme cycle time requirements with a very straightforward software approach.

The 16 bit processor requires fewer words of memory than the 8 bit design, with
double precision arithmetic, but the double word length results in the use of
somewhat more memory overall. The 16 bit data and address busses result in
the need for a large (approximately 76 mm x 25 mm) 64-pin package. The
device is one of a fairly extens:ve family of compatible parts, but most of the
other components are only available in limited temperature range TMS (NMOS)
version, e.g.

(1) 9980 - a 16 bit processor with 8 bit data bus

(2) 9940 - a single chip computer version of the 9900

Although the processor has been available for approximately two years, there is
still no second source for the full temperature range version. This, together
with its mere limited applicatio-, results in the cost remaining relatively high.

(d) SUMMARY

With the above experience, and corisider ng the complexity of typical gas turbine
controls, especially in the helicopter field, the 8085A mi:roprocessor is selected
as the most suitable. It offers the lowest cost approach, both in the micro-
processor itself and its supporting hardware. Based on trials already carried
out using the 8080, the speed increase from the 8085 will leave sufficient
capacity for future growth and incorporation of added features such as data
logging and certain health monitoring functions.

SOFTWARE STRUCTURE

With the upwards compatible nature of the software evolveo for the INTEL 8080/8085
series microprocessors it is useful to consider how the control system is built up. The
software system is put together in modular blocks of programme, each block performing
clearly defined functions, e.g. Nf governing, system initialisation, etc., generally
having one entry and one exit pint. This leads to increased software reliability.
Each software block is developed using facilities offered by INTEL's ISIS-II system,
resident in MDS-80/ICE-80/ICE-85. Tye ISIS-II assembler or PLM compiler generates a
relocatable object code file, from an assembler source module, which can be linked
subsequently with other modules needed to complete the software system.

Thus, during development a module would be linked into a test environment for
debugging purposes. The tested module would then be linked into its final system, with
full confidence that the tested performance will be maintained.

The software package during development resides on floppy disk media as a number of
module files. Each module will have an assembler source code file, with its relevant
object file described above, as well as a list file, generated at assembly/compiler time.
Also resident on disk is a file containing all the modules linked together, which is
transferred to memory giving a runnable software system. Speed of programme run time
operation within the confines of maintaining programme modularity has been used as the
highest criterion during software design and development. Thus, a nigher run time .c eed
will always be achievable at the expense of software reliability, and diminished returns
during the development period. As with ali fast software systems, speed gives rise to
the use of increased memory space. This is not seen as a particular problem in the
light of the tendency of increasing memory space with decreasing cost.
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For example a straightforward shift and add/multiply technique, using in-line coding,
rather than a looping system, will provide speed at the expense of the use of extra
memory.

As an illustration of the control software library built up by our Company using
the INTEL family of microprocessors whilst running on the test bed various gas turbines,
the latest flight demonstrator system utilises nearly 50% of existing software modules.
With the benefit of these trials it is expected that future controls would require less
than 30% of new software which can be seen as a tremendous benefit in choosing such a
family of microprocessors.

As fuel control systems are fast acting, the software timing plays a critical part
in the execution of the various control packages. To aid the structuring of the
software, and its appropriate timing, a major/minor cycle map is produced that separates
the high priority and low priority tasks.

The major cycle is that time in which all control tasks must be carried out, which
in most aero engine control systems, usually lies between .1 to .5 seconds. The minor
cycle is that time within which some control tasks must be serviced to achieve control
stability. For the typical aero engine, this usually requires a rate of servicing
between 16 and 20 milliseconds.

Within this framework the major/minor cycle map is then constructed to optimise
the process of throughput while meeting the control stability requirements. Our
experience to date has indicated this results in a major cycle being compused of between
8 to 32 manor cycles, depending on the complexity, The sampling and subsequent
processing of each input signal is performea at a rate -onsistent with the frequency
content and response time of that signal and its associated concrol loop. In a typical
helicopter control the throttle angle, torque, and speed achievdsignals ace processed
at full rate. The remaining inputs are processed at slower rates, but not less tha
every major cycle.

This multiple sample rate technique has the dual advantage of minimising truncation
errors caused by sampling at tco high a rate, and of avoiding the necessity of performing
all functions within the sample period required by the highest frequency locp, and gives
flexibility in avoiding input aliasing problems,

The general software structure as outlined enables the majority of failure checking
software also to be completed within each minor cycle. Based on a nominal 16 milli-
second minor cycle, the main software response from a fault to a freeze on the output
actuator would occur within this time. It is important to structure the output actuator
and its relation to the number of steps in any direction so that the failure response
is achievable within a relatively small fuel flow and hence engine power change.

The memory capacity for a current 8085 design providing full simplex control of
a helicopter is typically 6K by 8 of ROM and 500 words of RAM.

PROCESSING OF INPUT SIGNALS

The very efficient peripheral components of the 8085 system enable a very
efficient circuit structure resulting in the complete interface being configured using
very few discre'e components. This has a direct bearing on reliability and cost.

Speed Signals

A single LSI chip can process threc frequency signals ,,,multaneously once they are
suicably filtered and squared from the raw signal source. Th, software organises the
rate of access to the registers containing the speed informat- ,n on the LSI chip, rather
than using an interrupt. It is on]y necessary to provide suff,-ent counts within the
sample time to meet the resolution requirements. To meet a .15 ., olution, at least
1,000, and generally more counts, a~e required, and using the sampi ;friod of 16 milli-
seconds frequency multiplication is usually necessary.

This is achieved using phase locked loops and low pass filtering is offut,'d around
the loop thus minimising noise and frequency modulation effe[,ts.

With the slower 8080 the added benefit of having frequency as a direct value
instead of, as is ubually the case for interrupt meesuring systems, a val e prcportional
to the period of the incoming frequency, the requirement for a divide opo tion was
avoided. With the faster 8085, avoidance of thi, ta-k may not be so necessary, and Q
more optimum hardware structure will be configured.
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Analogue Signals

The various analogue signals are multiplexed in a conventional 12 bit analogue to
digital convertet, operating directly under the microprocessor control. This results
in optimum sampling of those signals with respect to the control system requirements.

For low signal inputs, such as thermocouples, software manipulation of both
signal and reference voltages is carried out, so that automatic gain and offset changes
with temperature and time are automatically carried out. This is typical of the
features that a microprocessor can offer over the conventional analogue approach which
would require very expensive components to achieve the same order of accuracy.

OUTPUT INTERFACE

Almost all of the fuel control systems operate in conjunction with a multi-phase
stepper motor. For aircraft systems, this is more desirable as the failure mode is
intrinsically fal-freeze. The fundamental design concept of utilizing the intelligence
of the microrrocessor to its full is seen in'this function. The requisite bit pattern
that ensures clockwise or anti-clockwise rotation is totally software generated, prior to
'writing' to the peripheral output circuit.

Furthermore , a separate gating function is interposed between the peripheral and
each power switch such that pulse width modulation of the stepper motor phlase drive takes
place as a ftrction of the aircraft supply voltage. The actual timing is generated by a
counter/timer peripheral component under direct software control. During severe
transients, where high slew rate demands exist , maximum power is delivered to the stepper
motor for the appropriate period, again, dictated by software analysis of the actual valve
position c3mpared to the demanded step input. In this way, dissipation in the stepper
motor is minimised without prejudicing torque requirements for control purposes.

Serial Output Interface

The availability of communication chips that are directly supported on the bus
structure of the microprocessor adds a bonus to the basic controller. The ability to
talk to, interrogate, and to receive data from a controller in parallel with its primary
control tasks, orovides the system designer with test features (on the ground and in
flight) and a source of engine and airframe parametric information suitable for other
processing needs.

Whilst great care must be taken to establish the integrity of the primary controller
when such a serial interface is operational, the power of the microprocessor enables quite
significant data transmissions to occur even in the background time relative to the main
programme. Our experience to date has shown that as many as 30 8 bit parameters could
be output every -second at a processing time of only 150 microseconds per 16 millisecond
minor cycle for the 8080A and proportionally less for the 8085. This data can be any
parameter that the controller has access to, as well as any internally generated function.
This feature is very useful during the flight trials as a close monitor on control system
performance and fault diagnosis.

The I/O port discussed is based on the industrial RS232C protocol but for future
avionic systems the ARINC or MIL-STD-1553 standards are usually desirable or mandatory.

Already, the INTEL 8080/8085 bus structure can now support an off-the-shelf system
comprising a specially microprogrammed controller mounted on a single ATR compatible
ptinted circuit board. This unit could service such a bus, yet not place the high
demands on the engine control processor. In fact, the circuit is designed to appear as
another addressable peripheral, and compatibility with 1553, 1553DAIS or 1553B is
achievable with PROM changes only.

IMPROVED CONTROL SCHEMES

The ability of a digital system to generate complex functions relatively easily
compared to the complax circuitry for the equivalent analogue controller, enables the
system designer to more closely match the controller to the engine. Our particular
experience is illustrated by the ability to provide cooler starts (of the order of 500 C)
for a given engine by shaping the start and temperature limiting functions.
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This is an area where the engine manufacturer is particularly conscious from the
point of view of engine life. Also from the operational point of view, the pilot is
usually looking for consistent starting tames, in the case of VSTOL aircraft, faster and
more consistent accelerations under varying engine and ambient conditions. Successfui
control schemes have been imple,nented whereby acceleration on fixed or variable Ndot
(rate of change of gas generator speed) have eliminated the variation of enginP
performance from ambient air temperature and engine ccnditions in achieving idle and
maximum speeds. The flexibility of the digital controller approach means that various
alternative starting schemes can be tried during development, thus optimising
performance for any production design. So long as the required input parameters are
available in the basic control, these alternative schemes would require only software re-
arrangement.

Integration of fully automatic start schemes, whereby ignition and starter relays
come under direct control of the fuel control system, provide for more total interation
of the engine controller. Good experience has been gained to date on industrial gas
turbine 3tart/stop sequencing systems, and the benefits of providing the complex inter-
locks usually required have been realised. The ability to piovide for a variety of
control schemes for the primary loop or loops implies on the basic design concept that
sufficient memory and processing power is available. Experience on five widely varying
gas turbine applications, namely

(1) An industrial standby generating set

(2) A high performance vectored thrust engine

(3) A marine gas turbine

(4) Two very different gas turbines for medium helicopter applications

has resulted in the optimum memory requirement illustrated previously.

INTEGRITY AND RELIABILITY

As our experience lies particula-ly in the helicopter controls field, where the
simplex control is advocated, with an alternative manual reversionary control, the
concept of integrity bears some importance. Tt is normal with conventional analogue
control systems to provide some form of safety circuit to prevent throttle runaway up
or down, in the event of a component failure. The microprocessor digital controller
provides this facility because most of the possible failure modes produce complete
freeze of the control system. There are, however, still some modes of failure
particular in the read only memories, which may produce runaway up or down, but whose
failure can be detected by -nternal checks, which form a particular part of the digital
control software programme.

The analogue to digital converter and multiplexer are checked by having one
channel with a fixed reference voltage whose value the computer checks for correctness
every sample period.

The analogue circuits which input to the control system are checked at circuit
level for validity and frequency inputs are checked for their correct 'window' of
operation, relative to other engine parameters. The stepper motor and resolver are
checked continuously by virtue of the overall software technique utilised, which
compares the movement of the resolver for a given series of step demands, so that either
item can be checked for gross failures and any parametric deteriorisation of the
resolver itself. A given number of steps must always result in a certain angular
movement through the gearbox and reso]ver.

It is generally arranged that during a start up sequence, the stepper motor is
exercised over a small number of steps, and the corresponding resolver movement
checked. During this brief cycle the above checks will automatically be carried out
and the pilot would have an early warning of any fuel metering element malfunction
prior to engaging the starter.

Because the multi-phase pulse train to the stepper motor is software organised
a very high integrity system results. In all the microprocessor controllers
developed to date, this has involved the processor in going to memory for a )ook-up
table, returning and outputting the correct multi-phase pulse train to drive the
motor and then returning to its original task. Errors in the multi-phase pulse train
invariably cause the motor to freeze. In this manner, therefore, a whole host of
processor features must work correctly for the actuator to be driven at all, and the
failure modes of the processor being able to correctly do this task, and incorrectly
do other tasks are extremely remote.

. .. V.. 1
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Our current design philosophy ior recording any malfunction is to enter the fault
occurrence and its cause as deiermined L, the safety checking software into non-volatile
memory (EAROM - Electrically Alterable Read Only Memoryj. Devices are now on the
market that have full Military temperature range operation with read/writp cycle life
limitations far in excess of any practical requirement.

*" The ability to have access to this form of memory via a serial I/O will provide
valuable fault diagnosis information on those faults that may be intermittent and not
reproducible on the ground.

Conservative reliabil-ty predictions for a typical airframe mounted microprocessor
controller are in the regio.n of 10,000 to 20,000 hours. This is already compatible
with the well proven analogue approach,, and is expected to mature as experience is
gained in service use.

CONCLU'SIONS

All the experimental results to date during the various engine trials and development
tests point tc the wider acceptance of microprocessor controllers for stringent control
requirements. The initial concern whether the microprocessor could meet the
performance goals, especially the 8 bit family such as the INTEL 8080/8085, has now
been dispelled. Furthermore, the sensitivity of digital circuitry to the harsh RFI
and EMC environments has not been seen as a problem. Current designs have satisfied
MIL-STU-461A and MIL-STD-704A tests whilst the packaging and environmental aspects are
relatively straightforward.

The 'on-engine' microprocessor controller that replaces its hydromechanical
equivalent is now available with competative price, weight and reliability factors.
Performance, growth and flexibility have now been proven to be significantly greater
than the inalogue counterpart which leaves the engine and airframe manufacturer wide
scope for system improvements.
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D1SCIJSSION

D.T.Hawes, Ca
Why don't you use interrupt driven Foreground-Background scheme thus utilising the 30- 50% capacity apparently
wasted in the scheme described.

Author's Reply
The spare capacity is designed in to ensure a software margin of safety. However, there are tasks carried out in this
time, e.g., displaying parameters on a serial communications line, that can be interrupted, and also which do not
require to be complete within each minor cycle.

W.Merrill, US
Your presentation indicated most of your /P controls are mounted but that you are beginning to look at off-engine
mounted controllers. What is your motivation for doing so? What location philosophy do you intend to adopt in
the long term? Do you anticipate resistance to ofi-engine mounted yP controls from airframe manufacturers who
might use your engine control systems.

Author's Reply
The motivation for an off-engine controller is primarily the basic cost comparison of the controller itself. Milder
temperature and vibration requirements allow simpler solutions within the controller and gcnerally the iewer
mechanical constraints allow for more optimum and cost effective packaging.

Either location can be -nade available depending on engine/airframe requirements. The on-engine philosophy is
superior from an interface point of view.

Yes, from the integrity aspects. No. from the overall cost point of view. However, very often for small to medium
helicopters, the distance between an engine-mounted environment and airframe is orly a few feet.

J.M.Collin, Fr
(I) Why have you not used Ferranti?

(2) Is pP standaidised in Great Britain?

(3) Have you encountered problems with dynamic operation at elevated temperatures?

(4) Do you believe complicated peripherals will be available for military purposes?

Author's Reply
(1) For commerccial applications cost is the main objection and our company has chosen to use the INTEL range

for all avionic applications.

(2) No.

(3) No because of the structured format in that all tasks must be completed within defined time limits, tempera-
ture effects are not applicable.

(4) Yes. As has been demonstrated on most peripheral components, full military temperature range and quality
processing is being applied to the most popular elements those that make up the heart of the central
processing system.

R.Smvth, Ge
Key word Engine Health Monitoring. What type of engine health monitoring is used? Is it limit exceedance
control or does it monitor pressures, temperatures and fuel flow as a function of NA/T- on the well known non-
dimensional basis?

Author's Reply
Ilealth momtonng in conjunction with the contiol tasks is at the moment himited to transducer validation and cross-
correlation to other engine parameters.

As the power of the processoi extends so will be incorporated true health monitoring and even trend analysis based
on the non-dimensional parameters and gas path analysis. Separately these tasks have been accompihshed using the
INTEL series of processors in the field of Industrial Gas Turbines and the software and mathematical approaches
will be combined into the avionics field.
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I.S.D.Stitt, UK
Key word. Fault Tolerance. The paper claims that the software was fault tolerant but the example given was that
the software was re-initiated and ignoied transiently detected faults. The question requested the author's definition
of fault tolerant software and for examples.

Note. Fault tolerant software is generally considered to refer to software so designed to continue to give the correct
system output whilst faults exist in packs of the software and/or associated hardware.

Author's Reply
Fault tolerant software was illustrated as a Software System that could enable the control system to recojitinue after
a software "glitch" or absurd set of dynamic conditions that were not evaluated during the test stage.

The fact that these conditions went transiently outside the design limits for the software to handle in its allotted
time, should not necessarily "freeze" the system on one ocurrence. If they continue to reappear then they must be
regarded as a more fundamental fault and different criteria applied.

K.Smyth, Ge
Key word. Software Development. What type of computer language is used in the software development phase?
Any higher level language?

Author's Reply
Assembly language is used for the control tasks in all cases. For some software modules associated for example with
Health Monitoring and data transmission, PLM high level language was used.

'I'

k
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DESIGN, EVALUATION AND TEST OF AN ELECTRONIC, MULTIVARIABLE
CONTROL FOR THE FiO0 TURBOFAN ENGINE

Charles A. Skira Ronald L. De Hoff W. Earl Hall, Jr.
Aerospace Engineer Senior Engineer Program Manager
Air Force Aero Propulsion Laboratory Sjstems Control Inc. (Vt) Systems Control Inc. (Vt)
WPAFB OH 45433 Palo Alto CA 94304 Palo Alto CA 94304

Summary

Modern aircraft turbine engines include a variety of control actuators which affect the performance
and response of the propulsion plant. The incorporation of digital processing permits integrated control
action to meet strict steady-state and transient performance requirements. The need exists for a control
design procedure that ran account for multiple loop interaction and can make efficient use of them to
enhance performance vthout decreasing engine stability margins. The FlOO Multivariable Control Synthesis
Program was a cooperative effort with the Air Force Aero Propulsion Laboratory and the NASA Lewis Research
Center aimed at investigating the use of extended linear quadratic synthesis techniques to accomplish the
design, evaluation and testing of a practical multivariable control for the F1O0 engine.

A digital, multivariable control design procedure for the FlOO turbofan engine is described. The
controller is based oti locally linear synthesis techniques using linear, quadratic regulator design methods.
The control structure uses an explicit model reference form with proportional and integral feedback near a
nominal trajectory. Modeling issues, design procedures for the control law and the estimation of poorly
measured variables are presented.

The multivariable control lax was implemented on a general purpose minicomputer at NASA Lewis Research
CeLer. The logic was thorough!; validated against explicit design and operating performance criteria on a
real time hybrid simulation of the engine throughout the full flight envelope. Alternate control modes,
sensor failure sensitivities and other design features were investigated using the hybrid simulation.

The resulting system was then used to operate an actual FlO0 engine in an altitude test facility at
NASA Lewis Research Center, In all, steady-state and transient performance were investigated at five (5)
subsonic and four (4) supersonic test points. The results of these experiments and correlation to the
important design issues are presented.

Nomenclature

A = trim switching matrix T2.5C fan exit outer temperature

A = quadratiL stete weighting matrix T3  = compressor discharge temperature
AT = nozzle area 4HI  = high turbine inlet temperature, hiqh

B = quadratic control weighting matrix response
BOM = bill of material (production) control T4LO high turbine inlet temperature,
C = feedback gain matrix response
C = regulator gain matrix (m x n) T4  = high turbine inlet temperature, local

Cy = integral gain matrix (m x r) T4.5HI = fan turbine inlet temperature, high

D linearized measurement matrix response
f = nonlinear engine model T4.SLO fan turbine inlet temperature, low response

F = linearized engine dynamics matrix T5  - fan turbine exit temperature
H = linearized measurement matrix T augmentor entrance temperature
H = Hamiltonian matrix 6C
h = nonlinear measurement function T7M = augmentor exit temperature
h = a row of the H matrixcontrol vector
n = number of states u = n x 1 stte vector
N = rotor speed x = nx I state vector
m = number of controls Y = p x 1 output vecor
P3  = burner pressure us  = m x 1 control reference point vector

P4.5 = interturbine volume pressure xs  = n x I state reference point vector
P6  = augmentor entrance pressure Ys = p x 1 output reference point vector

p = number of outputs z = model coordinate

q = number of parameters r = vector of parameters
r = number of possible trim variables w = perturbation quantity
S = steady-state Ricatti matrix Ap/p = fan exit Mach number parameter
T state transformation matrix A = block diagonal matrix

= fae extrnneormatepatre z model controllability matrix
T2.5H = fan exit inner temperature X = eigenvalue

U r i3 l I I1IaO n I m i i g n n a a a n I i n e o
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Figure 1 - Schematic representation of FIOO-PW-l00 augmented turbofan engine.

Introduction

Over the past several years, aircrafP. operational requirements have dictated the development of
propulsion systems having increased performance over a wider operating envelope. To satisfy these
performance requirements, variable geometry components have become an integral part of advanced aircraft
engines. Future variable cycle engines may incorporate variable fan, compressor, turbine and exhaust
nozzle geometry to improve overall performance.(l) As a result, the engine control system will have to
be capable of controlling engine fuel flows and the variable geometry in an "optimum" manner. This will
necessitate the measurement of more engine variables. However, the multitude of variables to be manipulated
and measurements to be utilized make it difficult to design controls for these advanced engines.

Classical control synthesis techniques, whicn involve the analysis and design of single-input, single-
output control loops, have worked quitc well for the older, simpler engines. Unfortunately, such techniques
prove to be cumbersome and time-consuming when they are applied to the more complex multivariable engines.

One approach to solving the engine control problem is the use of multivariable (optimal) control theory.
The Linear Quadratic Regulator (LQR) is one aspect of the theory that has been successfully developed and
applied to a wide variety of linear multivariable control problems.(2) LQR designs result in 1eedback-type

controllers which make use of inherent loop interactions to improve performance. The LQR control modes canalso reduce the sensitivity to parameter variations and sensor inaccuracies.

The F1O0 Multivariable Control Synthesis (MVCS) Program (3,4,5 was a jointly sponsored Air Force Aero
Propulsion Laboratory-NASA Lewis Research Center program designed to investigate the use of Linear Quadratic
Regulator (LQR) theory to the design of a practical control for an advanced state-of-the-art turbofan engine.
There have been some initial research and development efforts made at applying LQR theory to the design of
controls for the nonlinear, gas turbine engine process.(6-10) These efforts, however, have been limited to
engine control over a narrow operating range (usually sea level, static, standard-day conditions). The MVCS
program differs from previous studies in that it addresses the following issues: (1) the ability to accom-
plish large power excursions without exceeding engine or actuator limits, (2) the extension of the controller
authority to the entire engine operating envelope, (3) the consideration of sensor and actuator nonlineari-
ties in the design process, and (4) the validation of the control performance in real time.

Tne FlO0 (see Figure 1) engine was selected for the MVCS program due to the availability of detailed
digital and hybrid tomputer simulations of that engine and the availability of an actual FlOO engine for
testing at NASA Lewis Research Center. The FlO0 engine represents the current state-of-the-art in aircraft
gas turbine technology. Although not as complex as some of the advanced cycles being proposed, the FlO0 does
provide a suitable test for the LQR technique. In addition to the main burner and afterburner fuel flows,
the FlO0 has variable fan inlet guide vanes, variable compressor stator vanes and a variable convergent-
divergent exlaust nozzle. Airflow bleed can be extracted at the compressor exit.

Certain restrictions were placed in the control design. The design approach would use linear engine
models as a basis for the control synthesis. Deterministic LQR theory was to be applied exclusively, i.e.,
as a first approximation, the random uncertainty associated with the engine behavior was assumed to be
negligible. Only existing sensed variables were to be used as control inputs. The controller authority was
to include engine operation from idle to max dry power. Start-up and afterburner regimes were excluded;
however, during the hybrid simulation and engine tests, afterburner lights were done to assess the
controller's regulation capability in the presence of disturbances.

Prior to the actual control design, detailed criteria were established that specified the desired engine
performance.(3) The control criteria can be summarized as follows. Foremost, the control must protect the
engine against surge and from exceeding speed, temperature and pressure limits. Airframe-engine-inlet compat-
ibility requirements specify minimum burner pressure limits and maximum and minimum airflow limits at certain
flight conditions. The control must insure engine thrust and fuel consumption are within tolerance for
specified engine degradations and for installation effects. The engine must also accelerate and decelerate
smoothly, safely, quickly and repeatably with small overshoots allowable. It must do this for both large and
smill requested power level movements and during flight maneuvers.
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Theoretical Synthesis Method

The fundamental aspects of locally linear control synthesis are reviewed as applied to the synthesis of
the control and the fundamental requirements of the control structure. The engine may be modeled conceptually
as a nonlinear time-invariant dynamical system utilizing fundamental aerodynamic principles as follows:

x f(x,u,e) (")

y :h(x,u,e) (2)

where n states, x, I controls, u,p outputs, y, and q parametric variables e, as well as the detailed nonlinear
dynamicsf(...) and measurements h(.,.,.), are modeled by the designer to achieve his purpose most
expediently. Fo engine development, detailed digital simulations, including thorough component maps and
experimentally correlated gas pat'i equda4nns, are utilized as in the FOD transient simulation deck. These
programs are too complex for control synthesis, but are useful in evaluating a candidate design.

Locally linear models can be generated from nonlinear simulations (3) or expeimentally from engine data
via s)stem identification, e.g., Ref. 11. These models are valid in the nainhIorhood of an equilibrum point
(x0 ,x0 0 ) and describe perturbation motion 6x,6u, away from equilibrium. These models are represented as

follows:

6k F6x + G6u (3)

6y = H6x + D6u (4)

where, in principle,

0f(xu 0) 1 x 
(5)F =- xx

ax

6x and 6u will be rewritten as x, u in the remainder of this paper.

U

U N

R E N I G L I

E STATIC OYNAMIC
ELENT E LEMENT

Figure 2 - Schematic Flow Diagram of FlO0 Nonlinear Digital Simulation.

ClAYl VB LC NW CONTROLS A3

SfAF AP- P OUTPUTS Fn

-STATES'fFigure 3 -States, Outputs and Controls Modeled in FlO0 Linear Equations Generated~from Nonlinear Digital Simulation ,'rogram.
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Figure 2 shows a schematic representation of the FIO0 digital transient simulation. Each dynamical
element represents two or more states, and the entire linear model contains 16 state elements (Fig. 3). The
linear model can be reduced in order to include only practically measurable elements and only important
dynamics relative to the control objective.

j H(6)X I
where xI and zI are the qth-order partition of states and modes and x2 and z2 are the (n - q)th-order

partition.

Various guidelines for making the appropriate partition will be discussed below, in which case the
following equiiibration relation can be attained approximately within the time frame of interest:

02= 0 ( 8 )

If relation (8) is valid, the following relations hold:
d Fx +GU (9)

= -- x+ u (1)

The formula for the reduced matrices follow from elementary matrix algebra.(12)
Thus, by assuming that (n - q) modes are equilibrated, the nth order system (3) is reduced to the qth-

order system (9) with q states and p + n -q outputs. It should be noted also that the q retained states xare chosen by the designer (13) and possess the same physical identification in Eqs. 3 and 9 as long
as Eq. 8 is approximately valid.

The partitioning of the system is dependent upon the control designer's estimate of the frequency range
of the contrl function. For example, this FIO0 controller was designed primar'ily to modulate thrust in
transient and steady-state operation. The response frequency range extends from 0 to about 10 rad/s, which
is the bandwidth of the primary (fuel flow) actuator. The frequency range would be significantly different
if, for example, the controller were designed to modulate compressor s irge margin with a high-bandwidth,
variable-area turbine actuator. The implication is that all eigenvalues significantly outside the bandwidth
of interest are in equilibrium during the motion and may be partitioned with the (n - q) eliminated roots.

A special situation occurs when a state is nearly parallel to a single modal direction. If the outputs
are not affected significantly by the particular element, then the state and associated dynamics can be
removed from the design model without affecting behavio| important to the control synthesis. Figure 4 shows
the normalized eigenvectors associated with two eigenvalues for the F100 engine lyiny in the bandwidth of
control. ihese modes are associated with temperature lag states at the turbine inlets. Examination of the
thrust output equation shows that these states lave a relatively small contribution. Thus, for control
design purposes, the two stetes and the associated modes can be eliminated.

We have shown a number of techniques for choosing (n - q) modes that can be eliminated, dlong with aSgroup of states. The choice of the retained q states is somewhat arbitrary, depending on convenient
measurables as well as the dependence of important output quantitics. The modal decompositin can be usedto assure that the chse q1sta ess the controlled subspace (T i invertible and well condi-
tioned). With this partiton and associated reduction, the resulting syste' will represent a controllable
design model.

vila tb acu r h o s a a

ond
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Figur2 4 Normalized Eigenvector Components for Two Roots Lying in the Bandwidth

of Control at Sea Level Static, Intermediate Power Condition for the
-O Turbofan Engine.

For the F100, the behavior of the design model vis-a-vis the sixteenth-order linear sytem and nonlinear
simulation is shown in Figure 5. The reduction was perforned on the linear system equations in each region
of the operating envelope to provide a set of models used in the optimal regulator synthesis. The
total procedure to arrive most efficiently at multivariable designs requires the utilization of a ulend oftechFiques incorporating frequency and time domain analysis and modern and classical control concepts.
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Given the linear design model (Eq. 9), and tie state/control performance index,

j = I f (xT Ax + uT Bu)dt (11)
2 o

or the output performance index,

J 0 (yT A* y)dt (121
(12

the deterministic, steady-state optimal controller to minimize J for arbitrary initial conditions about a
fixed set point is given by the following state variable regulator control law:

u u0 + C(x - x0) (13)

C -BIGTS (14)

where u , x are a consistent equilibrium reference point for the nonlinear plant, namely,

0 f(x0,u0) (15)

where f[x(t),u(t)] describes the nonlinear engine behavior exactly. The matrix S is given by the positive
definite solution of the algebraic Ricatti equation (for Eq. 11)

0 = SF + FTs + A - SGB -1 GTS (16)

and by a comparable form for Eq. 12. The solution is calculated numerically by integration of the matrix
R4ccati differential equation to steady-state or, more efficiently, by the eigenvector decomposition
method.(14) The optimality of such regulators is given in terms of a fixed set point. However, with
reasonable choices of weighing parameters, system response is not degraded for varying set-point inputs.

The state or output weightings can be constructed initially from physical reasoning. Alternately, if
it is desired to alter the dynamic response in terms of time domain specifications (e.g., rise time or
damping), state weightings on the variables most nearly associated with the mode to be controlled are
chosen. State variables and output quantities often are related physically. Ccntrol of the state is then
equivalent to control of the output. In this case, the need for explicit output weighting is removed. For
example, engine thrust, an output and augmentor pressure, a state, have nearly the same coefficient
representation. Thus, weighting Pt6 results in direct control of thrust response. Such considerations can

give the designer a foundation for the initial quadratic weighting matrix selection.

If a number of control requirements are represented in the performance index simultaneously, it is
probable that the initial design will be unacceptable in some way. Often, the unacceptable nature of the
behavior can be linked directly to a particular closed-loop root and modal response vector. For example,
thrust overshoot can be linked to a Pt6 -N1 complex pair in the closed-loop root cancellation, as determined

by an examination of the eigensystem. It is clear that the weights on either N1 or .t6 or both must be

adjusted so that the damping is increased. Sensitivities of the closed-loop locations to changes in weighting
matrix e;ements can be calculated from decomposition of the Euler-Lagrange system used to solve the algebra
Riccati equation.(15) For the decomposition,

HT = TA (17)

with A diagonal and H the dynamics of the Euler-Lagrange system; it can be shown (151 tiat

A = T-1 3H (18)

where,

DA = diag { DA.}(19)
30 1 30

is the sensitivity of the eigenvalue location to a change in the weighting. The matrix DH/DO normally
consists of I's and O's, and the similarity transformation is available from the optimal controller solution.
Utilizing Eq. 18, the correct weight changes to alter the closed-loop pole locations is evaluated easily.
Successive use of model weighting sensitivity and time domain simulation will result in the quick convergence
to a design with acceptable regulator performance.

Functional Description of the Controller

Figure 6 shows a schematic representation of the digital controller. The control structure is applicable
to many physical, nonlinear systems with state, control and output constraints. Each functional component
of the system produces an element of the control law. The multivariable control law is expressed by Eq. 20.

u = u + Cx(x - xs) + f Cy A(y - ys)dt (20)

The feedback law itself rep,esents an optimal regulator structure with integral trims for steady-state
accuracy and a model following implementation to prevent saturation during transients. Each element of the
control law will be described relative to the F1O0 implementation, and the synthesis procedure for each
block will be reviewed briefly.
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Reference Value Generator

The control Taw is written for state and control perturbations about an equilibrium condition. The

equilibrium conditions must be derived approximately by the controller given the requested power level,
altitude, Mach number, engine face pressure and temperature. Because of manufacturing tolerances and engine

aging, an exact expression for these quantities is not possible. Inaccuracies in the scheduled reference
values normally would cause steady, state "hang-offs" unless compensated with an integral trim action. Small
inaccuracies do not degrade transient performance, and indeed, the feedforward structure allows lowi
regulator feedback gains and the associated model parameter insensitivity of the r~rntrol.

The reference schedules are produced by calculating the thermodynamic equilibrium associated with a
given control vector. The manufacturer-specified steady-state condition requires zero bleed flow arid
scheduled compressor geometry. Two degrees of freedom are left to attain desired thrust (power level) at
a particularfl ight point. The reference point generator attempts tc set a fan matchpoint to achieve
equilibrium. The current control mode is to specify the fan matchpoint using fan rotor speed and fan exit
Mach number (Ap/p).

A constrained minimization can be performed to determine the required fuel flow and and jet area to
achieve requested thrust while optimizing a free variable, e.g., fuel consumption or surge margin, and
respecting all engine structural limits. For comparison purposes in the FlO0 controller, schedules were
generated to match the production control operating point at each power level and flight point.

A representative group of subsonic and supersonic flight points was chosen, and the engine equilibrium

~j1points were calculated. Nondimensionalized quantities were utilized to fit approximate reference points
with minimum complexity. The regulator is tolerant of the schedule errors and produces smooth transient
responses without an overly complex implementation.

Transition Model

~When a large transition in power is requested by the pilot, the perturbation character assumed in the
regulator design is lost. A large change in the reference state vector will cause large comanded inputs,

~tending to saturate actuators and produce significantly nonlinear behavior. The regulator can be used to
track a compatible trajectory taking the system for one state to another. Exact calculation of such
trajectories is complex,(16) and their practicali mplementation has not been investigated. A first-order
approximation to an achievable state trajectory can be calculated directly from the linearized model,

X : x = constant (21)

~and, allowing for various controllability constraints, a consistent set of equlibrium state and control
~rates Rx, Ry can be calculated if a particular set uf output rates is specified. The nonlinear trajectory

(Xs(t), Us t)) then is approximated as follows:

(t) x5 X(to) + Rxt (22)

Os(t) u= U(to) + Rut (23)
u.. ...
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where the transition is terminated when the new reference point is reached. The rates are derived from
parametric fits of values calculated at each flight/power point. Figure 7 is a schematic diagram of the
transition control logic.

DENS17Y (p,) f m

, 2

PTER PARAMETER (P)

Figure 7 -Transition Trajectory Generation Algorithm is Formed from a Rate
Limited Servomechanism Structure With Variable Rate Saturation Forming
the Gross Trajectory and the Proportional Response Providing Continuity
with the Steady-State Reference.

Notice that the term u from the trajectory 9enerator is a feedforward control commnand in the control
law of Equation 20. This f~edforward feature produces rapid and smooth accelerations and decelerations

without the need for high gain integrators, This is a highly desirable feature as integrators have a
destabilizing effect on any system.

In the FlO0 implementation, rates were calculated for low, middle and high power. In the latter- two
cases, desired thrust and turbine inlet temperature rates characteristic of the engine were chosen. At low
power, thrust and either burner pressure or surge margin rates were specified, depending on the flight
condition, in order to specify adequate acceleration surge margin or eliminate burner pressure undershoot.
Figure 8 shows the response of the nonlinear digital simulation to a large-power-level modulatiun. Engine
state and trajectory time histories are shown, along with error terms in the regulator portion of the control
law. The transition model prevents large error terms from saturating actuators during gross transients while
still providing stiff regulation near steady-state conditions. The implementation of this type of transition
algorithm requires very little control logic and storage. The performance is excellent and the processing
overhead is minimal.
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Figure 8 Illustration of Transient Trajectory Generation Algorithm for Cyclic PLA
Input at Sea Level Static Conditions from Nonlinear Digital Simulation.
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Gain Schedule

The dynamic response of the engine is affected strongly by the air mass flow. Power level, altitude
and Mach number determine this mass flow and the response. The linearized control synthesis (LQR) procedure
produces regulator gains that control the engine satisfactorily in the neighborhood of the design flight/power
point. To implement a continuous envelope-wide controller, the gains must be varied as the system makes the
transition from one condition to another.

There is no precise analytical relationship between gains at neighboring linearization points. Although
engine time constants can be modeled as functions of the ambient conditions, the performance index is chosen
by the designer to sdtisfy specifications particular to the flight point. For example, a function of ambient
variables will not correlate exactly the gain elements between sea level static idle conditions, where thrust
stability is weighted heavily, and subsonic altitude idle, where burner pressure is the dominant state weight.
The procedure adopted flr the F1O0 implementation approximately fit important gain elements with univariate
functions of the engine face density and rotor speed. The former variable accounts for altitude effects,
while the latter schedules the power condition. Dominant gain elements are determined by assessing the
closed-loop eigenvalue sensitivity of the system to each gain element (17) and eliminating those that do not
affect closed-loop response. Over 50 percent ot the scheduled control gains, Cx and C y, were eliminated
in the final implementation with little or no effect on system performance.

Integral Switching Logic

The design philosophy of aircraft turbine engines dictates that steady-state performance is obtained
at various flight conditions when a particular physical limit is held exactly (see Figure 9). For example,
sea level static take off thrust for the FlO0 is defined as the thrust obtained at the maximum allowable
turbine inlet temperature. At lower power levels, the engine operation should cause the airflow and low
rotor speed to attain predetermined values for optimum efficiency. At altitude conditions, the minimum
burner pressure defines engine idle. Inlet airflow requirements and burner burst pressure determine
operating conditions at some supersonic, flight points.
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Figure 9 Operating Envelope Constraint Limits for the FlOO Turbofan Engine

The engine set-point is a group of reference vqlues of states ard controls which the engine must
attain exactly in steady-state. These values defile the equilibrium point. Since the FlO0 has set-point
vectors whose elements change with flight and power conditions, a sw~tching structure from trim control
is required

Giver the design model (Eq. 3) and the linear quadratic regulator design (Eq. 13), the closed-loop
response to additive control inputs may be written as follows:

A (F + GCx) x + Cu' (24)

where

=Cxx ' (25)u =CxX + u
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and u is the additional control input. If the trim responses (i.e., the integral control time constants)
are decoupled spectrally from the transient equations, i.e., time constants of Eq. 24, then the following
should be approximately valid:

A 0 (26)

x -(F + GCx)-1 Gu (27)

y -(H + DC )(F + GC) G + D] u' (28)

x x

or, y =H*u (29)

The output vector y is chosen as m quantities, which must be held in steady-state to their reference
values. (Controllability is assured, then, if H* is invertible.) The trim integrations provide system
dynamics, namely,

b= y (30)

The control law is designed:

u =Cb (31)

and the full controller i- -ented:

u = Cxx + f Cydt (32)

where elements of y and C can be switched arbitrarily while maintaining a continuous control time history.
y

The design of the control law C could be performed with a single application of the regulator synthesis
procedure. However, because the eleents of the y vector change according to limit conditions and control
saturations, a complete design for all combinations of error vectors would require an extremely large number
of C matrices stored in the controller.

y
The classical approach is to ignore various couplings in H*, and the integral control can be designed

on a loop-by-loop basis. For each output,

bi = hi*Tu (33)

if control weight-ings are chosen to represent the amount of control uJ which should be used to trim the
outpu error yi as follows: max

B : = l/(uA)2  (34)i Jmax

then the optimal single-loop output regulator can be designed to place the spectrally separated trim root
at s = -X. The gain for this system is

Cyi = _XB -hi*/hi, TB-lhi* (35)

The full gain matrix Cy is constructed as follows:

[Cy= I yCyl CyYr] 
(36)

where columns are chosen corresponding to the appropriate set-point and number of unsaturated controls.
Equation 36 represents a single matrix that can accommodate any subset of output errors as long as a
suitable set of actuators is available. The drawback of such a procedure is that the precise eigenvalue
location of the trim root system is determined only approximately because of the neglected cross-couplings
in Eq. 29. The problem can be minimized if the weightings are chosen (Eq. 34) such that each control is
used primarily to modulate a single output error. The closed-loop eigensystem must be determined to verify
suitable root locations for the trim and transient system combined. Further iterations may be required.

Alternately, if the closed-loop trim system

b = H*C yb (37)

is chosen such the H*C is upper triangular, then any row and column of C can be deleted without altering
the remaining closed-Iop dynamics. Also, it is possible to replace a single row of Eq. 37 arbitrarily
without affecting the remaining dynamics. The upper triangular structure and eigenvalue placement determined
(m)(m + 1)/2 constraint equations. The remaining (m) (m - 1)/2 free elements of Cy cari be chosen as zero, or

a quadratic regulator construction in Eq. 35 can be used to resolve the ambiguity.

Either method just described produces a single m x r gain matrix, where r is the total number of possible
output quantities. If 1 controls are saturated, m-I elements of the r output quantities can be chosen for
trim. The control law then is implemented as in Eq. 32, with the 1 rows corresponding to the saturated
actuators deleted from the matrix. The control is switched when an actuator saturates (delete a row and
column), an engine limit must be accomodated (a column is replaced), or the error term associated with the
saturated control will tend to unsaturate the control (ad(' the row and column). The implementation
produces an extremely simple structure for trim and trans.ent control action which can accommodate various
engine limits and control saturation, as well as obtain rated engine performance accurately throughout the
envelope.
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In the F1O0 implementation, the steady-state requirements are to have the compressor bleeds closed,vanes and stators tracking the optimum component efficiency schedules, and fuel flow and jet area adjusted
to yield operating line performance without limit exceedence. Three elements of the set-point vector are
the vane, stator and bleed schedules. These error terms always are integrated unless they are driven
transiently into saturation. To avoid integrator wind-up due to this uncontrollable situation, the
appropriate error is switched out until the transient command tends to cause the control to unsaturate.
The remaining two elements of the set-point are normally, scheduled low rotor speed and an averaged
fan exit total to static pressure difference Ap/p. The Ap/p error term is eliminated if the jet areasaturates. If burner pressure or turbine inlet temperature limits are reached, these terms are substituted
for low rotor speed in the control law. The switching logic provides smooth and controlled engine transitions
in power and flight condition.

Engine Protection

The engine protection logic in the multivariable control provides hard limits on the commands to the
control actuators. The engine protection logic includes fucl flow limits, variable vane limits, bleed air
limits and exhaust nozzle area limits. The fuel flow limits include the maximum and minimum fuel flow and
an acceleration schedule, which is a function of measured compressor speed. Axial and cambered limits are
imposed on the variable vane position. The maximum and minimum nozzle area limits are scheduled as a function
of power lever angle. The maximum and minimum allowable area commands converge at idle power so as to
prevent limit cycling in this operating region. Whenever a commanded actuator positi ,n exceeds a specified
limit or when a control saturation is detected, a flag is set with the control logic. These flags send asignal within the logic to clamp and hold the appropriate trim integrator to prevent integrator wind-up.

FTIT Estimator

As specified by the manufacturer. temperature limiting during transient and steady-state operation
is a critical function of any turbine engine control system.(3) For the FOD, the maximum temperatures
specified for compressor discharge and turbine inlet stations in the gas path are implicitly limited by
the maximum fan turbine inlet temperature (FTIT). Accurate measurement of FTIT near the temperature limiting
region, then, is absolutely necessary for successful engine control. Unfortunately, the FTIT sensor output
response is extremely slow relative to the temperature overshoot criteria. Compensation of this signal is
required for adequate temperature limiting during transient maneuvers. The compensation technique must not
degrade the high d.c. accuracy of the signal because this measurement sets intermediate thrust at a majority
of flight points.

A steady-state, third-order filter was designed. The FTIT "estimator" uses a combination of the sensed
FTIT, the steady-state reference value of FTIT, the transition value of fuel flow and the commanded fuel
flow to predict the final value of FTIT during a transient. The predicted FTIT is then compared to the
maximum allowable FTIT. If the overtemperature is predicted, the fuel flow integrator begins downtrimming
fuel flow before an actual overtemperature can occur.

The FTIT sensor output is attenuated at high frequencies within the filter. The steady-state gain of the
estimator to the sensed input is unity, preserving the high d.c. accuracy of the measurement. The twofuel inputs are used to provide the initial high frequency response compensation of the sensed temperature.
The estimator functions as a complementary flter in blending inputs of two types to form a system with
acceptable response and accuracy.

An example of the performance of the estimator is shown in Figure 10. The overshoot occurs in advanceof the actual FTIT response. This enables tthe controller to use the estimator outDut to modulate the
controls to reduce actual temperature overshocts. Whenever an acceleration occurs that will not cause a
temperature limit to be exceeded, the estimator output is not used to throttle back fuel flow. Thus,
off-intermediate power accelerations are not penalized by the temperature limiting logic.

C MP SATED XMUM TIT

-10

S-20u,

Figure 10 Example of Temperature Compensation
-3F r Showing Compensator Output Leading

"3th the Actual Temperature Response
and Sensor Output During a 75.
Thrust Step at 10,000 ft, Mach

4Number 0.9 from Hybrid Simulation.
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Hybrid Evaluation Results

Initially, the control logic was validated on the F1O0 digital simulation.(18) During these tests,
small transient responces were run to verify the steady-state regulatory performance. Large power lever
transients were run to test the limit protection logic and the transition controller. Disturbances were
generated to investigate the effects of augmentor ignition and inlet distortion. utilizing the unique
flexibility offered by the digital simulation, accelerations at sea level static conditions with severe
engine deterioration and power extractions were done to test the control in this critical region. The
digital evaluation provided a preliminary test of the logic at a limited set of flight conditions to vali-
date the design and structure of th, control logic.

The FlO0 multivariable control logic was then implemented on a SEL81OB digital computer and evaluated
on a hybrid computer simulation of the FlOO engine(19) at the NASA Lewis Research Center. The SEL81OB is
a general purpose computer processor, and although not flight qualified hardware, its memory, speed and
word size are believed to be representative of computers that will be used to control engines in the 1980's.
Figure 11 is a schematic of the hybrid system. The primary objective of the hybrid evaluation was to verify
the multivariable control logic and its implementation to ensure safe and stable operation of the FlO0 engine
during subsequent iltitude tests. The results of the evaluation indicated that the control logic and its
implementation will be capable of controlling the engine throughout its operating -ange. The specified
engine limits were not violated during normal steady-state and trarysiont operation.

EAI 690
HYBRID

CONTROL VARIABLES FIOO.PWOO(3) I ENGINE VARIABLES

OrO AR- - L- - ENGINEISIMULATION I i
L- - - I I

-t TOIBM 36Oi TR48 I
r r- ANALOG

DISK 1 A / I r---
L STORAGE I I DI I SENSORI

I MODELSr DATA ,L... __-

r.--. / COLLECTOR .IA/I I -- '-J[;/I
__F ,- I / II D- I r -- -- t I Dj

T- J CONTROLI MULTIVARIABLEI F / V L
L ..-- ACTUATOR f-.-- CONTROL _J

MODELS COMMNDS' LOGIC
SEL BDB 1. _.. __ .. I
DIGITAL

Figure 11 - Schematic Representation of the Multivariable Control Evaluation Configuration.

The evaluation flight condition (altitude/Mach number) and the types of tests conducted are listed in
Table I. in all, 56 steady-state operating points were recorded and 77 transient tests were performed during
the hybrid evaluation.

The multivariable control matched baseline, steady-state performance for all but a few supersonic test
contk~lons. The degraded supersonic performance was attributed to reference point scheduling errors at those
coiJitions. Minor modifications to the reference point schedules will produce satisfactory steady-state
performance at all flight conditions. The proportional (LQR) plus integral control structure provided goodfan operating peint control and when required, tracked the engine limits.

The LQR and transition control produced satisfactory transient responses at most operating conditions.
The specified response time requirements were satisfied for all small and large amplitude transients with the
exception of the small (+30) PLA snaps at the sea level/static, idle condition. A 1.2 second response time
requiren, nt for the small perturbations was adopted due to a lack of specificity in the design criteria.

The flexibility of the control structure and aesign methods was demonstrated by implementing a fast-
acceleration set of rate limits in the transition control. The resulcing sea level/static acceleration from
idle to intermediate thrust in Figure 12 shows a reduction in the response time from 3.2 to 2.2 seconds.

The esults of the sensor failure study at the 30 Kft/O.9 condition indicated that most sensor failures
would result in a safe, downtrimming to a part-power condition., The saturation of the PT2 sensor or the loss
of the fan speed sensor, however, resulted in an overspeed and overtemperatdre condition.
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Therefore, a simplified sensor failure detection logic was ;mplemented in the multivariable control prior
to engine testing. MAX, M1IN and delta checks were made against each sensor. These limits were determined
using data gathered during the hybrid evaluation. Three consecutive "failure" conditions indicated a
failed sensor. For noncritical sensors, the value from tht, reference point schedule was used insteaoi of
the failed channel. For failed PT2 anto fan speed signals, the MVCS lc~is was disengaged arid the entgine power
was cut back to a safe level.

Based on recomm20endations from NASA Lewis Research Center and from Pratt & Whitney engineers, the MVSC
control logic was approved for engine test demonstration at NASA Lewis Research Center.
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XDIl Engine Test Evaluation

Engine tests were run at five subsonic and four supersonic test points.(20) The flight conditions and
the types of tests conducted are shown in Table I. In certain regions, air flow and burner pressure con-
straints limit the range of steady-state operation to near intermediate (PLA = 83%) operation. Transient
control performancp was evaluated by subjecting the control to small (30) PLA steps, to large PLA snaps and
chops, to random, cyclic PLA motion and to zone one afterburner lights. In addition, simulated flight
maneuvers were performed during the engine tests.

ALTITUDE (FT) STEADY STATE POWER LEVER ANGLE DISTURBANCES SENSOR
MACH NUMBER PLA = 830 PLA < 83 PLA TRANSIENTS AFTER- MANEUVEP FAILURES

LARGE SMALL CYCLIC BURNER OR
FAST ACCEL

0/0 1
10/0.6 A Ak * A A A A 0 *A

10/0.9 *A *A 0 A k * A 0 A * A A

30/0.9 A * A Ok A k A A A O A
45/0.9 A A A A 0 * A 0 0

50/0.9 A A 0 A 0A 0 A
65/0.9 0 0

0/1.2 0 S S

10/1.2 OA A * A A
20/1.8 0
55!1.8 A A
35/1.9 A A
75/1.9 0 0 0
40/2.2 0
55/2.2 A A
60/2.15 •

65/2.5 0

TABLE I

SUMMARY OF FIO0 MVCS HYBRID EVALUATION

HYBRID TEST AND ALTITUDE TEST CONDITIONS

A ENGINE TEST

Prior to the IVCS tests, over 225 steady-state and 91 transient tests were recorded using the standard
FlO0 control logic. These baseline tests were performed to record the XDll-8 engine's refereice point
values. Also, total and static pressure data at station 2.5 were recorded and used to synthesize the fan
discharge Ap/p parameters.

From these tests, it was found that engine XDll-8 differed significantly in operating characteristics from
the nominal engine described by the digital simulation. Since the reference point schedules used in the MVCS
rontrol were based on simulation data, some idjustments were made to the reference point schedules prior to
engine test. Also during the baseline tests, the MVCS limit mode switching logic and failure detection logic

4we e thoroughly checked out.

Steady-state operating data were taken at 309 combinations of flight condition and power lever angle.
The MVCS tracked the reference point schedules well. FTIT and four burner pressure limits were accommtodated
where required for safe operation. The intcgral trims held the RCVV's and CIVV's to their respective schedules.
The fan rotor speed and fan discharge Ap/p were held to their schediles values through the use of integral
trims on exhaust nozzle area and main burner fuel flow.

In general, steady-state performance of the F1O0 MVCS control was good at all points tested. The
integral control action held scheduled variables close to their scheduled values. Minor refererce point

schedule adjustments allowed schedule matching without controls saturating or engine variables exceeding
allowable limits.

Transient performance was assessed at all the flight points. Large PLA transients were run at all
points where air flow constraiits permitted PLA operation below 830. Small FLA transients of 3' were
run to check the regulator performance while random PLA sequences were run to verify correct gain scheduling
operation. In all cases, PLA was cnanged at a rate of + 126°/sec. A programmable function generator was
used to control the PLA during the transient tests to insure repeatability.

A total of 93 transients were run on multivariable control. A few which highlight key operational
feature, of the control logic are preseited here.
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- Figure 13 shows the response of the engine to a large PLA snap from 23' to 830 at flight point C (10000
ft; Mach 0.9). Several functions of the MVCS control are exercised with this transient: transfer from fan
speed trim to FTIT trim, regulator and integrator gain scheduling as a function of compressor speed, FTIT
estimation and the trimming of nozzle rea to set fan exit p/p. As can be seen in the figure, an idle
to intermediate power lever step was initiated at around 0.5 seconds. The transition control generated
requested value of states and controls. The regulator causes the sensed variables to track their scheduled
values. The response is safe and stable with little or no overshoot. The FTIT estimator senses an FTIT
limit exceedence at around I second. At this point, the fuel flow integrator input etrror was switched
from fan speed to FTIT. The result is that fuel flow begins to cut back from the scheduled transition fuel
flow. Notice that sensed fan speed, while being on schedule at the start of the transient, has fallen below
its scheduled value and that FTIT is approaching its limit.

Initially, the nozzle area opened in response to the negative fan speed error. At time equals three
seconds, the nozzle area begins closing to null out the negative tail pipe pressure P6. The nozzle area
integrator trim reduces nozzle area farther until Ap/p is on schedule,

Afterburner lights were performed at all test points to investigate the ability of te MVCS control
logic to attenuate external disturbance. Figure 14 shows the result of an afterburner light at 30,000 feet
and Mach 0.9. As is shown in the top of Figure 14, a fuel pulse is initiated at time equals 0.5 second.
Tail pipe pressure, P rises sharply and the fan and core speeds fall off. Fan speed error causes the
exhaust nozzle area t9 open bringing the sensed fan speed back toward the scheduled value. The exhaust
nozzle area trim integrator further opens the nozzle until fan discharge Ap/p is back on schedule. The MVCS
control logic successfully suppressed afterburner pressure disturbances at all other flight points except
for 45,000 and 50,000 feet, Mach 0.9. At these two points, sensed fan discharge Ap/p did not change
sufficiently to allow nozzle trim control to suppress the disturbance. As shown in Figure 14, theMVCS con-
trol logic far exceed expected results in meeting the design goals for afterburner suppression.

A total of nine simulated flight maneuvers were performed to test the control logic performance with
varying PLA and flight conditions. These maneuvers included combinations of climbs, dives, accels and decels.
The MVCS control loy'c performed well in all tests. Figure 15 shows one such maneuver. Here, an accel was
performed at constant altitude (10,000 ft). Actual pressure altitude Mach number increased from 0.6 to 0.9
in about 15 seconds. Inlet temperatures could not be changed. The initial condition was standard day and
the final condition is about 40'F colder than standard day. As shown in the figure, PLA is increased from
650 to 830 in about 5 seconds. The compressor speed transition was smooth with a slight overshoot. Fan speed
tracked its scheduled value with also a slight overshoot. At about 4 seconds, the FTIT estimator reaches a
limit and the fuel flow trim integrator uses trimming on fan speed error and begins downtrimming fuel flow to
keep FTIT below its limit. The exhaust nozzle area close down to keep fan discharge Ap/p on schedule.

During the altitude tests, alternate control trim modes were also run, demonstrating the flexibility of
the control logic structure. One such mode was the EPR-N trim mode where enoine pressure ratio replaces fan
discharge Ap/p as the other variable used along with fan 1peed specify the fa, operating line. The modular
structure made it possible to easily change control modes. The EPR-N mode required only new regulator and
integrator gains to be entered. Under limited testing the EPR-N control mode performed quite well. Another
control change was the "fast accel" mode which was verified in Re hybrid testing. Here the transition
control rates were increased to obtain a more rapid than normal engine response. The modular structure of 0e

control permitted this change to be made without changing regulator or integral gains, or the reference point
schedules.

Also, the sensor and actuator failure detection and accommodation logic was tested at several flight
points. In all cases, the engine transfer to a safe power condition was safe, smooth and orderly.

Conclusions

The objective of the FlO0 Multivariable Control Synthesis Program was to demonstrate that a control
could be designed using linear quadratic regulator (LQR) design methods that would operate a modern turbofan
engine over its entire flight envelope. The LQR design rethods were used to develop feedback gains for a
series of operating points. Reference schedules were used to translate pilot and ambient inputs to reference
point specifications. A transition controller was used to produce smooth and rapid transitions from one
operatin point to another. A variable structure integral trim control was designed to produce specified
steady-state performance and to accommodate limits. The performance of the multivariable control was evaluated
ot. a real-time simulation of the P&W FlOO turbofan engine with the control logic programmed on a digital
computer. Use of the real-time simulation allowed program debugging and verification of proper control logic
functioning prior to engine tests in ai altitude facility. Sensor and actuator fail're detection logic was
developed and checked out by simulating transfers from multivariable to a backup colrol.

The multivariable control was tested while controlling an FlO0 engine at ten flight points in an altitude
facility. The control exhibited good steady-state performance, i.e., the ability to hold engine trim variables
on schedule at all flight points. Tests of the engine with BOM control prior to multivariable control tests
provided data which were used to adjust some of the reference point schedules. This allowed tracking of
reference point schedules without trim saturation und matching of engine operating lines obtained with BOM
control.

Good transient performance ,as demonstrated at almost all flight points. The integral trims successfully
accommodated FTIT limits and low burner pressure limits where required. The control attenuated afterburner
pressure pulses occurring during afterburner lights at all but two flight points. At supersonic points, where
operation was permitted only dt intermediate and above, excellent suppression of afterburner disturbances
was observed. The multivariable control successfully operated the engine for random FLA excursions, thereby
verifying tire correct functioning of reyuldtor gain schedules and transition logic. A number of flight
maneuvers were performed to check the control's performance with simultaneously varying PLA and ambient
conditions. TK, control tracked reference point schedules well and accomodated all limits.
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Programming flexibility which exists due to the modular structure of the multivariable control was
demonstrated by testing two alternate control modes. A fast acceleration set of transition control rates
was implemented which allowed more rapid engine accelerations. Also, the integral trim structure was
changed to use engine pressure ratio instead of the fan discharge Mach number parameter normally used with
the multivariable control. The new trim structure worked satisfactorily, requiring only a change of gain
matrices to implement it.

Sensor and actuator failire detection logic was incorporated into the control for altitude tests and
functioned well in conjunction with a backup control. All logic was programmed in 9.5K of core, using a12 m.sec, computer cycle time. These computer requirements are within the capabilities of present generation
computers envisioned for use as engine mounted digital controls.

It is concluded that LQR-based control design techniques can be successfully used to design digital engine
controls. Its systematic, structured approach has much to offer in the design of controls for new generation
airbreathing engines.

'm
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DISCUSSION

M.P.Perks, UK
Temperatur. Measurement. The problems you experienced with temperature measurement are typical of transducer
problems now seen. How necessary is it to go to the type cf prediction technique you used, bearing in mind, that
engine turbines themselves will respond even slower to temperatures of the gas path than the thermocouples

Author's Reply
Maximum compressor exit temperature and maximum burner temperatures are indirectly specified by FTIT limits
by the engine manufacturers. Because of this and the fact that we would us- currently available sensors, we chose to
compensate the FTIT sensor. Perhaps the term estimator is inappropriate. The purpose of the FTIT compensation
is to predict or lead the actual temperature in order that larger throttle transients will not lead to excessive tempera-
ture overshoots. The estimator output is used to trigger a switch in control modes in order to make safe transients
and not as an estimator of air or blade temperature.

E.Roberts, UK
(1) What sample periods were used in the tests"

(2) Could reheat lightups have been missed because of sampling'?

Author's Reply
(1) Our objectives in this effort concentrated on the ability of the modern control theory techniques to become a

viable method upon which to base a control design. As a result we specified a sample time of 10 milliseconds
in order that stability problems due to sampling too slowly would not be a problem. During the engine testing,
we used a 12 millisecond up-date time.

(2) Because of our high sample rate and the fact that the afterburner pulses were of long duration,, it is not likely
that we may have missed them. The afterburner light offs were simply not severe enough to be sensed by our
fan exit mach number probe. The F100 has a five zone augmentor and in our tests we lit only the first zone, so
they weie not full augmentor lights.

N.Munro, UK
(I) Have you been able to consider any of the modern multi-variable frequency-domain design methods developed

in the UK and exposed at the NEC Chicago conference?

(2) Since you are obliged to use integral action in addition to the LQR controller, would you agree that a simpler
design might have been achieved by a direct use of the frequency-response methods?

Author's Reply
(1) The program described in this paper began in 197 6. Subsequently, the interest in multivanable control design

techniques was spawned by this program and indeed, th,: tleme problem for the NEC conference was the FI00
engine represented by a linear model of the engine. Becaus - of the success of our research using linear time
domain techniques, we have continued to concentrate our t fforts in this arva.

(2) Actually, th, LQR gains and integral trim gains represent c, y a small portion of the controller We chose to
use integral trim control in order to achieve the precise steady state regulation specified b% the engine manu-
,actiorer. The lequirement to respect diffenng operating constraints throughout the flight envelope must be
satisfied. The use of integral trim control allows for snooth t',.n'sitions from one control mode to anmther
Anrotlher advantage is that the nt-gral action on one control variable has a minimal effect on the oihet variables

Fi'-m my understanding of frequency domain methods, a set of c,.ntrol design gains for eacl operdting
conditiuo where differing control requirements are to be satisfied must be done. I have not seen a frequenc-1
domain design that will accomplish a transition from a normal control mode to another mok. Y, order to keep
a variable ' elow a specified limit, and do it with minimal switching interaction

Therefore, I cannot agree that a frequency domain design would have been simpler. It is difficult to compare
techniques when they have not been used to solve the same problem
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ENGINE INTAKE CONTROL DESIGN FOR ADVANCED
FIGHTER AIRCRAFT

by

Dino Dini

R. Lazzeretti

Universit5 di Pisa, Italy

SUMMARY

This paper reviews the factors influencing variable geometry intake design for fighter aircraft over

their flight velocity profile.

Separate operating performance ranges, depending on the positions of the changeover valves, ramps

and doors, are analyzed for an rcceptable design compromise. A criterion for prediction of airframe inte-

gration effects on inlet stability with application to advanced fighter aircraft is presented and discuss-

ed.

To accomodate desired flow changes through the engine as flight speed, altitude and climatic condi-

tions, change, the control of intake is studied and designed, taking int9 account mutual interferences

between propulsion units and controlled elements.

Airframe/propulsion integration in fighter aircraft is considered in the design of intake control.

FIGHTER CLASSIFICATION AND OPERATIONAL PERFORMANCES

Tactics of future fighter aircraft has to be improved, and in particular pilots have to be assisted

in the execution of complex tactical maneuvers, in order to obtain superior combat capability. In the

field of avionic development, the future technology, for the application of the ever widening range of

sensors together with the associated data processing and control systems, seems almost limitless.

Fighter performance includes the capability to generate forces which allow a transition from one

flight condition to another. Combat maneuvers nearly always take place at high speeds in a relatively

small airspace and therefore it is interesting to consider the performance level required in relation to

the air space available. Required load factors, bank angles and power settings, are dependent on the type

of fighter aircraft mission: interception, air combat, ground attack.

Turning performance is not predominant in the interceptor fighter, requiring high speed and high longitu-

dinal acceleration toward a non-manoeuvring target, and there is little need to consider low speed combat.

The aerodynamic configuration is characterized by low profile and wave drags.

Airfield performance is important in the air combat fighter, at low or medium altitude, and the higbest

supersonic speeds are not necessarily required. The bes possible sustained and istantaneous turning per-

formance is essential. From the aerodynamic point of view, low induced drag at high "g" and good depar-

ture characteristics as the dynamic stall is approached, are required.

High wing loading is dosirable, for improving the ride quality and aiming accuracy in respect to the tar-

get in conditions of rough air, in the medium-range air-to surface attack airplane (ground fighter). The

wing loading is much higher than for the otler fighter types. There is no need for supersonic performance
and high turning performance. An acceptable compromise between the overall aerodynamic efficiency, on the

way to the target, and the high drag rise Mach number and the store carriage arrangement, is characteriz-

ing the aerodynamic design.

For compromising the ideal characteristics of two of the three fighter types, the engine development

is no more centered around fixed cycle, afterburning tu'bofan engines, but around variable geometry and

multicy e engines. The design condition is predominantly at high subsonic speeds, for tight combat turns

and high rates of climb. tere the engine is used in full afterburning mooe, with the transonic cruise legs

performed at maximum dry power. Engine requirements for the interceptor fighter in supersonic flight re-

sult ii higher compressor pressure ratios, some what higher fan by-pass ratios, and more sophisticated

variable geometry air intakes and ejetor nozzles.

Even though with some difficulties for the compromise, te MRCA Tornado might be regarded as lying along,

the side joining air-to-surface attack and interceptor, while the F-15 would lie more nearly on the line

joning interceptor and air combat fighters.

Those aircraft substantially designed air-to-surface attack have higher wing loadings than those designed

for air combat, with the inte ceptor generally intermediate: F-14B (2.50 - 7,28 aspect ratio; 489 kJ/m
2
,

take off weight, and 4.3 kJ/m
2
, combat weight, wing loading); as compared to F-I5 (3.0 aspect ratio;

3.02 kJ/m
2
, take off weight, and 2.78 kJ/m, combat weight, wing loading). A practical limit for fixed

wing aircraft is a combination of 2.87 kJ/m wing loading at combat weight, anf aapect ratio of a-ound

3.5.
The F-14B shows the powerful effect of variable sweep, to compensate for the high wing loading; in fact,

the span loading parameter is 1.96 kJ/m
2 

at take off weight, 1.72 kJ/m
2 

at combat weight wing swept, and

0.6 kJ/m
2 

at combat weight with wing spread.

The delta design combines its moderate wing loading with the highest of the span loading.

1,ith the aid of the computer and the simulation of air cori'at, a search is started to determine the

parameterswhich best charzcterize the future fighter aircraft A measure of maneouvrability was given by
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the area of the diagram between the specific excess power (S.E.P. = (T-D).V/W) against sustained turn-rate

at given Mach number and altitude. S.E.P. is regarded as one measure of combat capability and is equiva-

lent to steady rate climb. The boundaries of sustained capability of an aircraft embracing maximum speed,

ceiling either at 1 g or when manoeuvering, are all obtained when S.E.P. is equal to zero. But, since

S.E.P. is proportional to longitudinal acceleration and turn rate is about proportional to normal acceler-

ation, a more useful diagram results by plotting the two accelerations against each other. In such a way,

we have diagrams corresponding to the envelope of the resultant acceleration vector of the aircraft; e.g.

at a given sea level Mach number, from airbrake to maximum thrust, considering the effect of extra lift

and thrust or the effect of variable sweep wing and vectored thrust. With structural design limits of + 8

and - 4 g, as values of the normal acceleration, the pilot, flying in stabilized flight, may ask maximum

longitudinal acceleration by opening the throttle and selecting reheat, going in a few seconds to the max-

imum normal acceleration rolling the aircraft through substantially 900. In the next generation, we need

less than 2 to 5 seconds engine acceleration times, fast operating airbrakes, and very high rates of roll

and pitch.

Although the pilot controls load factor and bank angle, the standard cockpit instrumentation is not

adequate to permit him to fly consciously a pre-determined control schedule. A limited number of key points

defines the shape of the maneuver in the initial phase, since the target most probably has not yet been

acquired. The pilot has some time available to look the instrumental information, but it is impossible to

make in practice usable estimates of these data, leading to the desired weapon delivery conditions. Ir a

number of cases t.- actual execution of combat maneuvers does not lead to the desired flight conditions,

so that its effectiveness is degraded. The parameters that affect the flight are related to the perform-

ance characteristics of the fighter. The relative flight control system is normally associated with un-

desirable complexity, for the very high number of parameters which affect the flight path. This complexi-

ty may be minimized by a parametric simulation during the pre-hardware design phase for longitudinal, lat-

eral and directional control, to realize an adequate automatic flight control system.

For a ground fighter, as an example, a possible primary and alternate mission profile is shown in

figure 1, Ref. 1. Such a vehicle would be expected to operate a large percentage of its life at dry su-

personic near 12- 15 OOOm altitude and at speeds in the neighborhood of Mach 1.6- 2.0, depending on en-

gine availability for dry supersonic operation. At maximum dry thrust, the fuel consumption may already

be twice that at the clean cruise and, for the later designs, the fuel flow at maximum reheat may be mul-

tiplied by a further factor of 5 or 6.

The dry and reheated thrusts at M = 0.8 sea level, expressed as thrust/weight ratio, for aircrft with

full internal fuel and missiles, are, respectively: F-14B (0.6, 1.35), F-15 (0.58, 1.33), F-18L (0.62,

1.4), F-16 (0.5, 1.5), F-4K(0 45, 0.95), MIG 21K (0.52, 0.85).

Th;s means that the combat time in full reheat is measured in minutes, considering a fuel supply for an

hour of clean cruise at low altitude.

More development has to be placed in the area of aerodynamics, stability and control, and propulsion,

to achieve the desired fighter performance objectives.

Variable-camber wing, automatically programmed as a function of Mach number and angle of attack, may in-

crease the sustained-maneuver L/D. A weight reduction, in favour of vo'umetric efficiency, overall size

and cost, is obtained by wing-body blending adoption. The use of blending permits greater flexibility in

tailoring the area distribution curve, providing a better wetted-area- to volume ratio. The controlled

vortex principle in highly swept delta wing configurations permits to achieve the proper balance between

aerodynamic performance, stability and control. The use of the fly-by-wire control system provides the

flying qualities to utilize the advances in aircraft aerodynamics and propulsion systems. The aircraft's

flight control has no mechanical connection between the pilot control and the control suifaces. The re-

laxed static stability aspect of control configured vehicle technology is adopted to increase the maneu-

vering performance. The instability at subsonic speeds, including gust effects is well governed by con-

trol power.

The inlet location is selected to meet the high-maneuver-performance requirements, to provide a

good area distribution, and to produce low distortion and turbulence at the compressor face. The normal-

shock design, simple and low cost configuration, represents a copromise to the maximum speed performance

in combat regime. The fixed-geometry design is lighter than a complete variable-geometry inlet planned

for optimum performance over the structural design Mach/altitude envelope of the airframe.

As the functional requirements of the flight control system increase, ,od as the mission reliability

and safety requirements dictate the need for redundant systems, digital mechanization of the flight con-

trol electronics is preferred. The advantage of digital flight control systems, when compared with analog

systems, have been attributed largely to the stored program increased computational accuracy and flexi-

bility. However, the software associated with this flexibility represents a new element in the flight

c-ntrol system design process, requiring specification and development. Advantages of the digital mecha-

nization are, essentially, superior capability of the digital computer to execute logic functions, and

improvement of flying qualities by using cc'ntro] laws not feasible with analog systems.

The now available new techniques for the desigr of thes control and stabilization systems lead to a

iemarkable improvement of the expected mission effectivenss and to the innovation of new modes of opera-

tion.
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DEVELOPMENTS IN CONTROL SYSTEMS FOR VARIABLE GEOMETRY FIGHTER POWERPLANTS

Engines of much higher specific thrust than the conventional turbo-fans have to be used for the wide

flight envelope of high performance fighters. Tere is a growing tendency to prefer twin engine installa-

tions. In these cases, the empty airplane weigh: penalty may be less than 9%. This is due in large part

because the airframe structure grows and there are addiLional problems to optimize the afterbody design

for low transonic drag, both with and withor'L afterburner.

Although the by-pass principle is commonly used, by-pass ratios are generally around unity or lower. The

by-pass and core engine flows are generally remixed in the jet pipe to feed a single propelling nozzle.

Jet pipe reheat is normally used to provide the large thrust b.oost needed for supersonic flight; but there

is considerable interest, at some flight conditions, on attaining the greatest possible thrust with reheat

unlit (e.g., the very low altitude penetration to the target on a strike mission, requiring flight at a

high speed with good fuel economy).

The maximum dry thrust available tends to be the factor which limits flight speed. This is tne rea-

son because design is concetrated on the technique of supercharging the core engine. The problem is to

define efficient dry-power engines Zor supersonic cruise, that would satisfy transonic acceleration and

subsonic requirements, Variable geometries and cycles provide increase in air flow as well as pressure

ratio, to produce efficient matching for a vaeiety of operating conditions, especially if efficient sustain-

ed supersonic cruise is desired.

By-pass engines may by adapted to multi-mission fighter capability.

For the ground figeater, variable cycle engines, which provide air-flow variation through variable turbine

area and variable nozzles and compressor stator blades, in combination with high throttle ratio, may have

different solutions, all based on the by-pass prin,_iple: mixed burning stream (with variable geometry fans

and compressors, and conventional control); high throttle ratio (with increased air-flow control, and var-

iable area turbines); duct burning (with increased air-flow control, adjustable nozzles, and variable com-

pressors); variable pressure ratio (with pressure ratio control, by-pass ratio control, and adjustable

nozzles); rear valved (with pressure ratio control, by-pass ratio control, and adjustable nozzles). By-

pass ratio may range from 0.2 to 1.3, and pressure ratio from 15 to 20 or more.

Figure 2 shows a two-shaft low by-pass ratio powerplant. Variable cycle features for thrust boosting are

indicated, The increase of low pressure ratio for higher thrust is applied to the fan as a whole, thus

raising by-pass pressure as well as core entry pressure, The application of the core supercharging prin-

ciple for increasing the thrust, does not increase the turbine entry temperature, even though a relative-

ly small raise in high pressure rotor speed is obtained.

The interest in engines with a variable thermodynamic cycle is extended to fighter aircraft, because

of: favourable specific fuel consumption, in supersonic and subsonic flight, with or without reheat, and

thrust characteristics; optimum engine integration and handling qualities; high maximum dry thrust, relat-

ed to maximum reheated thrust; high aerodynamic stability on afterburner light up; optimum matching of

intake capacity and engine mass flow; good compatibility with intake distortions; favourable afterbody/

nozzle aerodynamics; low effect of bleed/power off-take on engine performance and stability; acceptable

weight and cost.

Considering the by-paEi principle, in which downstream of the fan the total airflow is divided be-

tween an outer fan duct and the ccntral core engine, the variable cycle concept may be realized as fol-

lows, Ref. 2:

- the turbines and the internal flaps in the exhaust system can be given settings to provide a turbofan

operating with two or three streams. For supersonic cruise flight, with two streams, the second one is

not burning in the duct. This stream is burning for take-off, climbing and transonic acceleration. Ope-

ration on three streams without duct burning is used for subsonic cruise flight;

- when low thrust is required, in subsonic cruise flight, .he high pressure- system runs with high output,

the entire engine working as a turbofan with duct burning shut-off. When high thrust is required, the

high pressure system is throttled, while duct burning is on at high temperature, woiking as a turbojet.

Modulation, throttling, and appropriate harmonization of the burning temperature, consent intermediate

operations;

- the by-pass ratio may be modified by the variable high and low pressure turbines and internal flaps,

having high thrust (with or without duct burning) at low by-pass setting, and higher by-pass ratio for

subsonic cruise;

- the variable turbofan provides, through variable plitter, intermediate and low pressure turbines, pri-
nary and secondary nozzles, a considerable range c by-pass ratios by keeping the two streams separated.

The engine works in reheat operation with a by-pass ratio equal to zero. The afterburner cooling air

taken off down-stream of the intermediate compressor is throttled as in the case of the variable turbo-

jet;

- the variable trbojet, wittb variable turbines and final nozzle, provides optimum pre-requisites in cc'nec-

tion with the afterburner, to be cooled by compressed air which is throttled, preventing reaction on the

compressor.

The effectiveness of a multi-role combat fighter requires an engine concept that combines the advan-

tages of the reheated turbojet; i.e. favourable ratio of dry thrust to thrust with ruheat, good specific
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fuel consumption with reheat, excellent stability and handling qualities in connection with the afterburn-
er, intake mass flow flexibility, acceptable compatibility with inlet cistortion, good flow conditions co
reduce afterbody drag, and maneuverable control system.

All this may be at present obtained with variable geometry of the engine in several components.

A variable cycle engine must have the ability to make significant changes to its thermodynamic cycle,

at a particular thrust and flight condition, without incurring a performance and weight penalty which
would cancel the value of variability. The variable geometry components cffer advantages as regard the

flexibility of the propulsion system, but it becomes mandatory to have an efficient control to reduce in
time the unsteady flow originated and pressure waves travelling up and downstream along the engine,

Supersonic V/STOL fighters require propulsion systems which produce thrust well in excess of aircraft
weight. The powered lift requirements, plus the flight performance requirements of the fighter mission,

result in extensive compromise in variable cycle and geometry for obtaining efficient fuel utilization at
both supersonic and subsonic conditions, high thrust for combat, good airframe integration characteristics,
rapid thrust response for hover, high bleed rates for control.
The intercept mission emphasizes high power performance for vertical take-off, maximum power climb, super-
sonic dash, and supersonic combat. The subsonic surface surveillance mission emphasizes low power fuel
utilization efficiency in the long range subsonic cruise out and back, and long loiter on station. Future
V.STOL fighters require high specific thrust (afterburning) engines to best include multimission objectives
for transonic/supersonic cruise and combat and subsonic loiter. As subsonic and supersonic combat specific
power levels increase, variable geometry exhaust systems are required for a wide range of cruise/accelera-
tion and maneuverability transient conditions Exhaust systems capable of deflecting or turning the ex-
haust gas to achieve vertical and short take off and landing, require an external variable area to provide
a maximum efficiency thrust vectoring system, by utilizing a variable aft expansion ramp for a range of
upward or downward vertical thrust components.

The engine generates external forces that affect the drag and lift of the airplane. The drag produc-
tion is due to either viscous losses and shock losses. The engine induce large pressure variations in the
region in front of the engine and behind the engine that influences the aerodynamic properties of the air-
plane, including lift and pitching moments. In the front we have sinks that accelerate the flow; the in-
terference between engine flow and external flows extends downstream of the engine. From the other hand,
the effct of the flow-field produced by the airplane on the engine performance is strong for engines im-
bedded in the fuselage, as normally for fighters. For flight control purpose, the aero/propulsion forces

on aircraft have to be accounted, to ensure that the performance predicted for each of the various ele-
ments (i.e., inlet, exhaust system airframe, and turbomachinery) are properly integrated to permit an

adequate flight control.

The complexity of fighter powerplant control requirements, particularly at tht reheat end of the sys-

tem, is the prirary reason for choosing a digital system in engine control. The |1 :mary purpose of the
propulsion control system is to operate the engine and inlet within known aechuncal and aerodynamic lim-
its, while providing the desired thrust performance during all flight conditions it minimum level of fuel
consumption. Recently, diagnostic functions have been added to determine engine condition and necessary
maintenance actions.
Variable geometry engines require extensive integration and more sensing computation and actuation func-

tions, with electronic control. Based on the general trend toward more extensive use of digital systems,
the future fighter aircraft will be flcwn almost entirely by an integrated avionic system. In this ap-
proach, all the subsystem functions, such as guidance, flight control, comnunications, displays, weapon
delivery, and propulsion control, will be combined in a central micro-processing unit. The common link
between the central processor and all the subsysteris will be a digital data bus, with all computations
highly automated according to the performance requirements, Ref. 3.

FACTORS INFLUENCING VARIABLE GEOMETRY INTAKE DESIGN FOR FIGHTER AIRCRAFT

In the case of variable geometry supersonic intake, the design must be a compromise approaching the
optimum flow to the engine, with minimum efficiency loss and drag increase in the flight speed range.
In respect to the fixed inlet, figure 3, the two dimensional variable inlet has, for example, horizontal
ramps (three compression ramps and a diffuser ramp), figure 4, and may have diverter, translating spike,

hinged lower cowl lip, to provide a uniform inlet flow-field at high angle of attack at supersonic speed,
and to avoid engine surging and blade vibration.

Because of shock waves, friction and flow separation, the intake pressure recovery, defined as en-
gine face mean total pressure/total pressure achieved in adiabatic isoentropic compression, is less than
unity. The momentum lost approaching intake is the spillage drag, due to the diverted excess flow. Some
of this lost moment may be recovered by the cowl suelion. Other intake drags are due to boundaxy laver
bleed, by-pass, environmental control system, and waves.

External compression inlets when aircraft missions require extended flight at Mach numb':r in the 2.0

to 3.0 range, external compression inlet applications become less desirable in spite of their inherent

stability and simplicity, figure 5. At Mach number 3.0, for example, a typical two-dimvnsional external
compression inlet might have a final compression rarp angle of about 40, with a cowl lip angle of approx-
mately 250 to 300. The cowl drag which results from this high lip angle can more than offset the pressure
recovery potential of the design. In this case, figures 5 and 6, the geometrical configuration of the air
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intake is approaching an isentropic compression ramp, according the Prandtl- Meyer theory. The ramp profile

realizes an "infinite" summation of small pressure increase Ap, a condition for which the highest pressure

recovery is reached. The choice of a typical isentropic compression ramp depends upon this advantage,

figure 7. For a given inlet diameter, we have obtained, figure 8, contours and focuses of isoentropic

ramps, for M = 2.0, 2.5 and 3.0. The air intake is two- dimensional, as flow and cross- sectional area,

up to critical conditions, after which is undergoing gradual modification in the relatively long subson-

ic duct, reaching the front engine circular section. At M = 2.15, the focus coincides with the air intake

inferior cowl lip, so that, the configuration is characterized by: a compression wave interesting a con-

stant angle segment OC, another compression wave along the isoentropic profile, and a normal compression

wave at the critical cross section, where the subsonic duct is starting.
This simple air intake configuration is adapted to other flight Mach numbers. As in the two dimensional

inlet of figure 9, where a small amplitude coi,,pression wave system is determining an external supersonic

compression air intake, both ramps are hinged in one or more points, and the intermediate boundary layer

bleed is variable, to make possible an acceptable operation in a range of flight Mach numbers. Ir. figure

10, an air intake for M = 2.5 and 70 000 N dry thrust engine is represented. The isoentropic ramp is fol-

lowed by a boundary layer bleed and a second ramp; a schematic nozzle control is indicated at the engine

exhaust. A, B and C, are the ramp hinge points. It may be observed on figure 11 that configurations more

or less close to the ideal required conditions are deduced by rotating the first ramp around the hinge

points A and C. It is obvious that this accomodation is happening with high energetic losses, in other

words, with less pressure recovery. On figure 11, it is also indicated the hinge point B, around which

the second ramp is rotating. Another problem emerging from figure 8 is regarding focus position. Each ramp

has its own focus; and focus- inlet cowl lip coincidence is the condition of best operation, in other

words, a more regular pressure recovery as shown in figure 12, Ref. 10. Here, the flow is critical at that

point, at which the pressure recovery is a maximum for maximum absolute airflow W. This condition is nor-

mally characterized by normal shock location at, but just inside, the cowl lips. When the normal shock

moves ahead of the cowl, the absolute mass- flow rate is reduced while the pressure recovery is depending

on the inlet design. As it is known, this entire region of reduced mass flow is called the subcritical

region. Conversely, the normal shock may be drawn down into the diffuser passage, causing a reduction in

pressure recovery but no increase in absolute airflow rate above the critical value, i.e., the known su-

percritical operation. Referring to figure 8, subcritical, critical and supercritical conditions, are re-

spectively for M = 2.0, 2.5 and 3.0, It is possible to obtain the optimum condition for an air intake,

when the required engine weight flows, corresponding to various flight speeds and altitudes, and the sec-

ondary and main flow distribution, are known. Referring to these data, increasing and decreasing air
flows, with corresponding secondary flow control, are obtained through ramp rotations around the hinge
points A and B for a vdriation of bleed capture cross section. A more sensitive flow control is obtain-

able with a bleed door, figure 10. Using a variable geometry scheme, the entrance region is changing in

such a way that the correct stream tube is captured for each flight Mach number and value of the static

temperature. In this case, it is convenient to install the inlet in a region where the local Mach number

is lower than the free stream Mach number. The variation of inlet geometry can be designed to produce var-

iations of A and Amin , figure 13, Ref. 11. A min fixes the transition from supersonic to subsonic flow.

The external compression axisymmetric inlet is shown in figure 14, with a continuous compression. Condi-

tions may be tranlated to mixed, external and internal compression with variable geometry and spike trans-

lation.

The air flow is slowing down on the subsonic duct, depending, figure 10 and 15 on the conditions estab-
lished by the front ramp and the following bleed chamber. The relative presscre is also functiun of the

air going through the bleed, so that the diffuser geometry depends upon this parameter, as iL is seen in

figure 16 for subsonic and supersonic flow. The relative geometrical characteristics are represented on
figure 17. Tn the section downstream of the first ramp, the open door following the supersonic profile is

determining a slip brutal deviation for the pressure increase from supersonic to subsonic regime. The

boundary layer separation is avoided by air-breathing through the bleed fissure. Bleed operation is rep-

resented on figure 15, where c, eb, no and n, are, respectively, internal flow coefficient, bleed flow

coefficient, bleed efficiency, and air intake efficiency.

The intake drag in supersonic flight exerts a significant influence. It can be regarded, figure 18, as

having two components: that which arises from the deflection of air through the shock wave system up-

stream of the intake lips, and that stemming from the positive pressure on such forward facing surfaces

of the intake. The relative total drag is varying as the intake geometry is changed.

Various types of external compression axisymmetric inlets are illustrated on figure 19. Ferri, Refs. 13

and 14, did a great deal research on all external compression inlets. Although the total- external com-

pression inlets. Although the total -pressure losses of e:ternal compression inlets decrease as the num-

ber of oblique shocks, figure 20, Ref. 10, is increased, it has been found in practice that the use of

more than two shocks offers greater flow complication. In the completely "isentropic" compression, fig-

gure 10, an oblique shock of finite amplitude is initially generated by the sharpest practical leading

edge and the subsequent coiipiessi.n is isentropic. In this type of compression, a compression limitation

exists, as shown on figure 19. The static pressure rise across the strong shock must equal the rise

through the isentropic zone and refler.ted wave and thus balance across the vortex sheet, Ref. 15. The

maximum isentropic and theoretical noymal shock and two and three shock external compression inlets re-

coveries are presented in figure 20. Instabilities is normally ascribed either to the entering shear

plans, after Ferri, figure 21, or tc shock wave-boundary layer interaction leading to flow sep, ration on

the supersonic compression surface, figure 22. But, many other variables are thought to significantiy af-



11-6

fect instability phenomena. Some intakes of recent concern exibits two phase of instability. After a small

reduction in mass flow, a low amplitude oscillation, the so-called "little" buzz, suddenly appears, while

further throttling iniziates "big" buzz. The latter is of much larger amplitude than little buzz, although

the frequency is similar. A large stable sub- critical margin tends to imply a high pre-entry drag, figure
23. The basic principle is to devise, Ref. 10, a range of intake geometries such that as many as possible

of the factors thought to influence instability phenomena remains constant, varying in a systematic manner

the supersonic compression field, through ramps, in terms of the total pressure gradient falling across

the cowl lip and of the deliberate employment of particular combinations of shocks.

Computer programs for calculating the flow field in three dimensional axisynimetric or two- dimensional

inlets have been prepared. A program limited to applications in which the bow shock wave does not inter-

sect the cowl, so that internal shock wave intersections do not occur, is presented in Ref. 16. In order

to facilitate the computation, the flow field behind the shock wave is broken into several regions bounded

by shock waves, as shown in figure 24. The standard procedure adopted is the method of characteristics.

At supersonic flight speeds, an important operating mode of an air intake is the mode in which the termi-
nal shock occurs ahead of the cowl lip of the diffuser. The compression shock can be the result of differ-

ent causes, such as flow throttling by the engine, insufficient throat area, or change of flow direction

at the cowl lip by a turning angle greater than critical. At the stagnation surface, the flow pattern be-

comes complex because of interaction between the shock wave and the boundary layer, and flow separation

zones are produced.

External compression with variable geometry inlet - The concept in figures 4 and 5, relative to the

F-15 inlet provides an external compression, with a system of three oblique and one normal shock ahead of

the cowl, Refs. 5, 6 and 7. Boundary- layer bleed is provided through porous regions on the second and

third ramps (15%), through the throat slot (70%), and through the side plates (15%). The bleed is exhaust-

ed on top of Lhe inlet. A by-pass system is included for inlet- engine matching at different speeds and

altitudes. By rotating the entire forward ramp, the capture area is changed.

Fixed and variable capture area inlets were tested in the F-15 program. The benefits of the relative shock

system behaviour, as it influences inlet total pressure recovery and instantaneous total pressure distor-
tiot, are depicted in figure 25. The shape of inlet sideplates was investigated to determine the effect on

inlet behaviour. Blunt lip shapes of the lower cowl were tested for improving recovery and distortion and

delaying lip separation at high angles of attack at subsonic speeds.

The F-15 movable inlet ramps and air by-pass door are controlled by an electronic computer and hydrau-

lically operated actuators. The computer receives signals from sensors that measure flow-field conditions

ahead and within the inlet and provides signals to the three actuators that set the ramps and by-pass door

to their proper position, figure 26.

More in general, the geometry of inlet is variable, through mixed-compression systems, to provide adequate

transonic airflow to satisfy the engine airflow demand.

Improvements in electronic-control technology is providing reliable control systems to meet turbine

engine requirements, including increased accuracy, multiple control loops, and more communication links

between the propulsion systems. Technological advances is making control system designed around a prime

reliable digital electronic computer which meets the control requirements for the advanced engines and

eliminates the need for a hyd-omechanical control. Electronic propulsion control are currently being ap-

plied in several of the latest military aircraft.

A design of an intake control, considering changes through the engine as flight speed, altitude and

climatic conditions, is reported synthetically in Appendix.
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Fig. 5 External compression inlet.
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DU[M~IRAION DE LOIS OPTIK~AES DIE MNE EN
REGIffE D'UN ]1JRBOREACIEUR

C. BJUIL
IN'~tNIE1IR AU

CEMTE D' EI1JDS El DE RECHERCHE DE TOULOUSE
DtPARTEMENT D 'AUTOMATI QUE
31055 TouLOUSE Cba FRANCE

on peut distinguer deux modes de fonctionnement pour u~n turbo r~acteur simple corps sans post-
combuistion: -changement de point de consigne

-r~gulation d'un point de consigne
Nous cherchons a re'aliser u~n changement de point de consigne rapide riais assurant des marges de

s~curit& convenables au cours de la transition et laissant en fin de transition le moteur dans u~n 6tat
pratiquement stabilisg.

Les commandes du moteur sont le d~bit carburant et la section de tuyare.Elles sont d6livr6es par
des actuateurs command~s eux-m~mes par un calculateur num~rique ou analogique ou glectro-hydrom~canique.
Nous ne cherchons pas les lois de commande des actuateurs mais directement leur sortie c'est a dire le d6-
hit carburant et la section de tuy~re optimaux.Les lols trou',6es seront les consagnes aIfich~es sur le.
actuateurs.

Notations:
N=r~gime de la turbin,

T5=temp~rature devant la turbine
M--marge de pompage du compresseur
F=pouss~e du moteur
C=ddbit carburant
S=section de tuyare

A(N,C,S)=d(N)/dt = dynamique de la turbine

I. - FORMUI.ATI T U RBLM
Nous supposons l'existence d'un modeale math6matique du moteur et nous adoptons une formulation oil

le souci de s~curit6 apparait comme une contrainte , la rapidit6 de la transition comme une performance a
optimiser.

I-1 Modale math~matique du moteux

Nou-' sapposons connu un ensemble d'&quations permettant d'obtenir a llissue de calouls plus ou
momns complexes les valeurs de (A,T5,M,F) quand on connait (N,CS) et les conditions de vol.

Il est important de remarquer que si la complexit6 du modale est indifI'~rente ,la m6thode pr6-
sentde n'est applicable que s'il n'y a qu'une seule 6quation diff6rentielle (ordizaire).On ne pourra donc
pas traiter le cas des moteurs double corps ni prendre en comapte certains eI'lets pneamatiques ou thermi-
ques.

1-2 Contraintes

Elles traduisent les marges de sdcuritg a oboerver:

N N max r6giie maximal

T5(N,C,S),< T 5max (N) temp6rature maximale

?1(N,C, S)) Mmi ro~rge de pompage

S<Smin butees de tuyare

Las 4 darniaras contraintes ddfinissant pour N donn6 u~n domaiLne admissible U(N) de (CS1

1-3 Critaras d'optimi;saton,

Il est l~gitime de songer en premier lieu a des critares de taemps minimum par axempla :, ob-
tention ue 95% du rdgima affich6 (ou de la pouss~e correspondante) en temps minimum.

Avec ca type da critara on obtiant an fin de transition des acc~l6rations da turbine importan-
tes at V'on observe aussit~x. apras u~n d6passemant de regime.

Nous pr6f'6rons d~finir u~n critare tel que le moteur soit pratiquaesant stabilis6 en fin de tran-
sition.Poar cela on peut fixer A priori Ia dur6e T da l'6volution , assez grande pour qua le rdgime sta-
bilis6 puisse tre atteint , at en imposant da plus qua le r6gime n. d6passa jamais la consigne N *.

Sur l'h<orizon (0,T) on o-itimisera le critare:

Ce critara est raisonnabla quan. on envisage una mont~e an r6gm.ll est Niscutabls pour une 6
Nuction de r6gime.Nous varrons plus loin que !a mdthcde prcpos~e est applicable avac tout critare de type
int6grale. !I est donc possible de changer da crit~re si V'on veut optaiiser Une r~duction de rdgm.
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1-~4 Synthase de la formulatioi pour ane mont~e en y~giine

Etant donn6 le systame d~crit liar;

d(NJ/dt = A(N,C,S), 6quation d16tat

F(N,C,S) pouss~e1

T5(N,C,S) temp~rature devant turbine sorties du sy,;t~me

M(N,C,S) index de stabilitg du mcteur

C d~bit carburant
variables de commande

S section de tuyare

maximiser le critare 1 F(N.C,S), dt oa. T est fix6 a priori

en respectant les contraintes:,

T5(N,C,S)4 T5ma1
M(N,CS),'0 M min - pour N donnG (C,S) appartient a U(N)

Sin< S( Sma I

II. - RESOLUTION DU PROBLUE1E

II-I Utilisation du Principe du. maximum
Nous appliquons le principe du maximum de Pontrjagin.
Il consiste a exprimer qu'a l'insterit t sur (0,T) , il existe un coefficient (syst~me adjoint)

tel que les commandes optimales (, a cet instant maximisent , sous reserve des diff6rentes contraintes
le Hamiltonien

HI(C,S ; N,p) = F(N,C,S) + A(N,C,SI

Ce Hamiltonien doit tre consid6r6 comme une fonction de (C,S) od N et ' sent des paramatres
connus a iitant t.

Le principe du maximum appara~t comme la recherche d'un comr-omis entre la maximisation immddia-
te de ia poussim F et le choix d'une variation de N (choix de A), q.ii permettra aux instants suivants d'ob-
tenir une pousoge int~ressante.

On d6montre que ob6it a une 6quation diffe'rentielle otl figurent les d~riv~es par rapport A N
de F , A et des contrainte5 T5 et M.

Cette 6quation permet de d6montrer que le maximum du Hiaiiltonien est constant dans le temps A con-
dition que le prL Jame soit stationnaire , c'est A dire que la solution ne ddpende pas du choix de l'ins-
tant O.C'est 6videisment le cas dans notre 'roblame.

On peut r6sumer les re'sultats thimriques essentiels par:,

maximise Hf(C,S ; N,4,) avec (e~6U(N)
(e, ;Nip) = constante

11-2 Rd6solut ion graphioue 
>0S

Le IHemiltonien peut s'interp-6ter comme le A 4 ----
produit scalaire des vecteurs:,

Ix(~ A ) If igure 1
Portons ces deux vecteurs dans un plan.Au

doma~ne admissible U1(N) de (C,S) on peut assucier le
domaine Y(N) de y .Connaisant (C,S) on en d6duit

Y et r~ciproquement. (cf. figure 1)

A AI .
Comme (C, maximise le produit scalaire

OX.OY le point ?~ Isoi a ()est le point du do-
maine Y(N) qu4. a la plus grande projection sur le
vecteur OX. (cf. figure 2)

On sait done trouver g6om~triquement N
connaissant (N, p). figure2

sur O sIfet Ili coupe l'axe des abscisses en F.

laire on trouve successivement cjue. dupoits-

done piea ordla traiion. isu e 4
A A

si r. onaitF n clc'__C_ S) en menant de F one tange.ite au domairne y(,N).
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A priori il existe au moins deux tangentes.Pour notre application le domaine YCN) a toujoir 6
convexe:Deux tangentes seuleisent sont possibles.r'es d~veJloppements thgoriques montrent que pour tine ron-

teen r~gime il faut choisir celle qui donne dN/dt positif.Le bon sens le laissait pressentir.
Le probl~me est donc de trouver le pcii~t F.
Si on postuJle que le r~gime de consigne N* est atteint et stabilis6 en fin de transition aloras:

H N, p)=F(N ,C ,S)+y A (N*$,cS)

avec A(N*,C,S)=O)

Le maximum du Hamiltonien , c'est a dire l'abscisse de F , est 6gal a la pouss~e stabilis~e maxi-
mum du r~gime de consigne.Des conditions thgoriques d'optimalitg dites "conditions de transversilit6" c-n-
firment le postulat sous rgserve que le domaine Y(N ), soft convexe et que l~e rvcimim de pouss6e stabilis6e
soit tine fonction croissante du r6gime.

III. - METHODE PRATIQUE DE CONSTRUCTION DES : DE COMNANDE

Pour plusietirs valetirs d(, N :.1,,Nt.,N on exploite le mod~le math6matique donnant A,F,T5
et M afin de construire les fronti~res dits dmaine'sa (N4 ) ,Y(N2.) , .. ,Y(N a) que lVon gradue en C et S.
Ce calcul se fait en explorant per exemple les valetirs possibles de C our 6et en surveillant les va-
leurs des contraintes.

On reporte ces frontie'res sur un mime syst~me d'exes rectangulaires (cf. figure 3)

At (gfigure 3

Pour calculer les lois de mont~e aui r~gime N* on fixe le point F comme /etant le point de pouss~e
4naximale au regime stabilis6 N*.On mane ensuite les tangentes issues de F atix fronti~res des domainesy(N)
et on s6lectionne celles qui donnent tin point de tangence oq A>)40. A A

On lit les graduations et on construit ainsi les lois de commande en boucle fermhe C(N) et ()

IV. - AUTRES APPLICATIONS DE LA METHODE

La m6thode propos~e ne faift aucune hypoth~se si les fonctions A,F,T5,M.Elle est applicable a tout
probl~me se posant de la fagon suivante:

-probl~me stationnaire
-une seule 4quat ion diff~rentielle
-horizon d'optimisation fix6 A priori
-crit~re de type 1rntigral
-diverses contrairies de type instantan6

V. -CONCLUSION
Le principe du maximum de Pontrjagin nous a permis de calculer des lois de commande en boucle fer-

m~e pour tin rdacteur simple corps.Cette methode , simple de mise en oeuvre , petit tre int~ressante aui ni-
vecu du bureau d'6tudes notamment pour 6valuer a partir d'un mod~le ruath6matique les performances dynami-
ques que V'on petit attendre dVan moteur en projet,
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DISCUSSION

B.J.Cocking, UK
Could you please explain how changes on surge margin due to effects such as inlet distortion, affect your work.

Author's Reply
At the time when we carried out this study, we had no suitable compressor model available. Therefore, -ye were
unable to investigate this aspect.

However, the following can be said

This method provides control laws which permit a specific minimum surge limit to be adhered to during build -up
of speed, provided that no inlet distortion occurs.

If an inlet distortion is present, this must either be determined and the control laws amended accordingly, or the
distortion is ignored, in which case a sufficient surge margin must be provided in order to be able to "catch" the
inlet distortion even in the most unfavourable case (which admittedly will penalize effect on the performance under
normal operation).

In the case where the inlet distortion can be measured, one has two possibilities of action:

- The control law parameters must in all cases be set in accordance with the flight conditions (inlet temperature and
pressure). The parameters can also be determined in accordance with an inlet distortion index. The inlet dictor-
tion measurement is just as much a computer input as the speed N and flight conditions P0 and To .

- Control laws determined for operation without inlet distortion can be corrected by control laws for transient
conditions, which then act as "trim". These control laws can only be determined by the proposed method.

R.D.Matulka, US
Have you considered mass flow as a state variable?

Author's Reply
No, namely for the following reasons:

-- If a state variable is added, the method is inapplicable, as the geometric solution to the problem no longer gives
the point of solution, but a series of points which includes the point of solution.

- The dynamics of this state vaiable are appreciably quicker than those of the turbine and the actuators would not
be in a position of being able to issue commands which would take these dynamics into account. It is better to
consider the flow as being permanently stabihsed, and this is accomplished by resolving specific implicit equations
in the engine model.

This approximation appears to us reasonable in as far as the determined control laws do not contain any very rapid
change in the fuel flow or nozzle cross-section.

4
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MODE CONTROL
A FLEXIBLE CONTROL CONCEPT FOR MILITARY AIRCRAFT ENGINES

by

Dr.-Ing.Klaus Bauerfeind
Head of Performance and Control

MOTOREN- UND TURBINEN-UNION MONCHEN GMBH
665 Dachauer Str.,8000 Mnchen 50, Germany

SUMMARY

It can be shown that the control laws of military engines with their extremely varying

flight and operational conditions have usually to be tailored around the most critical

conditions in order not to cause damage to the engine and also not to endanger the mission

flown. It follows that under the majority of operational conditions the engine is controlled

with unnecessarily large safety margins. This in turn means that it carries around either

too many compressor stages or operates in regions of the characteristics which are not

optimal in terms of fuel consumption.

Mode control offers a concept where these extreme conditions are registered and signalled

to an electronic control system. This control system then trims and overrides the normal

control laws in order to provide the necessary margins required for safe operation so long

as the eytreme condition prevails.

INTRODUCTION

Control systems of aero gas turbine engines have always had a certain influence on the

overall economics of the pripulsion system. With modern military engines equipped with an

afterburner and a number of variables such as compressor stators and air bleeds this poten-

tial has further increased. This potential is a function of the number of engine trims

available on a particular engine and the spectrum of different performance and handling

requirements for this engine.

Studies nave shown that such a sound potential is available for instance in the case of

most modern engines for military fighter aircraft. For an engine of this type the prin-

ciple of Mode Control is explained in a qualitative way. The main objective of Mode Control

can be described as "using the correct trim at the right time and only at the right time"

in order to avoid costly compromises. In order to achieve this goal two requirements must

be met

- clear indication at any instance in time of what is required from the engine

- availability of engine trims in order to cope with the requirements.

TYPICAL OPERATIONAL PERFORMANCE AND HANDLING REQUIREMENTS FOR A
MODERN FIGHTER AIRCRAFT ENGINE

An ideal situation would of course prevail if only one type of aircraft could fulfil all

possible fighter missions, i.e. a true multirol combat aircraft could be defined and built.

Experience has shown that this is not practical because of fairly large compromises that

would have to be accepted, making such an aircraft inferior to other aircraft specially

tailored around a certain role or mission. However, it is possible to combine a limited

number of different missions in the design of a single aircraft. For such an aircraft

typical requirements on the propulsion unit could then be as follows:

- Short power transient times near SLS if short take-off and landing distances

(thrust reverser) are required

- Maximum possible take-off thrust in reheat

- Low fuiel consumption during typical cruise and loiter missions at different

altitudes, Mach-Numbers and power settings
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- Maximum possible thrust for aircraft accelerations, tight turns and cormb.t

- Short power transients and safe and reliable engine response during dog fights

- High power offtake from one engine particularly in a failure case.

These operational requirements can be translated into the following engine

requirements

- sufficient fan and compressor surge margins to cope with fast power transients

in both accelerating and decelerating directions

- sufficient fan and compressor surge margins to cope with intake flow

distortion due to aircraft incidence or firing of weapons

- sufficient compressor surge margins to cope with shaft power offtake

- maximum dry thrust

- maximum afterburner thrust

- minimum dry specific fuel consumption at cruise ratings.

It can be shown that these requirements usually only exist one at a time, i.e. while

for instance maximum dry thrust is required there is no need to make provision for best

cruise specific fuel consumption or for good engine handling potential and vice versa.

ENGINE TRIMS TO COPE WITH REQUIREMENTS

Fig.l shows an example of a military engine with its control variables. The number of

control variables also depends on the design philosophy of the engine and the components

respectively particularly with items like variable compressor stator blades. For this

investigation only those variables have been included which are necessary for troublefree

operation of the components within the engine. Not included are the so called variable

cycle engines which make use of additional variable geometry in order to actively ad3ust

the thermodynamic cycle to certain missions. Should this type of engine ever be introduced

it would lend itself even more to the benefits of Mode Control. However, for this paper

the example of a military three-spool by-pass engine equipped with an afterburner has been

chosen. Its control variables, shown on the lower half of fig.l, are as follows:

- Intermediate compressor air bleed

- High pressure compressor air bleed

- Engine fuel flow

- Afterburner 'uel flow

- Variable nozzle area.

The control of the engine is such that the air bleeds are closed over the important

part of the flight envelope when running steady state. In the afterburner off-mode the

nozzle area is constant. With the afterburner operational the resulting fan running line

is slightly higher than for dry operation.

In fig.2 the optimal running lines for maximum afterburner thrust, dry thrust and

lowest cruise specific fuel consumption are shown as an example in a simplified form.

The effect of intake pressure distortion is indicated. Figs.3 and 4 show the effects of

flow distortion, shaft power offtake and transients together with the effects of compres-

sor air bieeds.

mwI
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MODE CONTROL - A CONCEPT TO SELECT THE RELEVANT ENGINE TRIM ONLY WHEN REQUIRED

The simple sketches in figs.2 to 4 highlight already one important fact:

Any measures to improve the engine handling limits, such as the use of air bleeds

cannot be continuously used over important parts of the flight envelope because of their

detrimental effects on steady state performance (thrusts and SFC's). Therefore with the

present control system philosophy the datum core compressor running lines without bleed

have to be positioned low enough to ensure surge free operation under the most severe

combinations of aircraft incidence, power offtake and engine transients. This compromise

can entail a fairly heavy penalty on steady state performance in terms of thrust and SFC.

When looking at the time distribution of the various operational requirements the

following becomes obvious

operational requirement approx time prevailing

handling and high
power offtakes seconds

maximum thrusts minutes

lowest SFC's hours

It can therefore be concluded that the normal engine matching with its penalties on

steady state performance has to be chosen such that no operational problems are to be

expected when severe handling requirements prevail Just for a few seconds. Moce Control

can help to either eliminate, or at least minimize, these performance penalties 1-y mat-

ching the engine closer to the optimum steady state performance. This usually aeans com-

pressor running lines closer to the respective surge lines and use of available engine

trims to cope with the special short duration handling requirements.

Fig.5 shows a simple block diagram of the general philosophy of Mode Control. The

principle is as follows:

Two sources of information are available in order to determine the actual requirement

on the engine at any given point in time, i.e.

(a) aircraft computer, whose data is used to compute rlight condition

and type and magnitude of flow distortion

(bl pilot's throttle from which adequate information can be derived for

determination of what the pilot expects from the engine at any moment

of time. Fig.6 interpretes the information to be deduced from the

throttle signal.

Noi shown in fig.5 is a power offtake signal which in certain cases of relatively high

offtake requirements could be useful. A fairly simple, not necessarily very accurate,

torquemeter on the drive shaft would be sufficient. The information from the two (or three)

sources is then processed in a small computer programme employing a matrix approach. It

determines the trim(s) to be seLected in order to cope with the prevailing situation in an

optimal way.

In order to implement Mode Control successfully it is important to make sure that the

response rates of the engine variables or trims are compatible with the requirements, i.e.

the respective rates at which a certain problem can develop.

It should be pointed out that because of the type of computing required a digital con-

trol system is more suitable for this task than an analogue one.
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DEMONSTRATION rROGRAMME

In 1978 a demonstrator programme sponsored by the German government was launched.

This programme includes the construction of two flightworthy digital engine controls

by 19R0. Following checking out on a simulator and an engine in a high altitude test

facility it is planned to flight test the complete control system, including Mode Control

in an aircraft.

'4
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Stators bleed (s) compressor flow cold/hot stream nozzle reverser
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bleed bleed flow cold/ hot stream nozzle reverser

fuel flow

Fig.l Control variables of a modern military fighter engine
in general terms (upper half) and as used for discussion
(lower half of sketch)
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Fig.2 Fan characteristic with different optimal ralnning lines
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Fig.3 Intermodiate pressure compressor (IPC) with operational
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on surge- and running lines
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N° Mode of Operation Source of Signal for Essential
Selection of the Mode Requirements

1 Idle a = aidle lowest thrust

2 Cruise 0-max dry >CC >adle lowest installed SFC

3 Max Dry a = a max dry highest max dry thrust

4 Max Reheat c = amax RH highest max RH thrust

adle < a < am.x dry and sufficient surge
5 Dry Acceleration (d > a or

dNH! dt> b) margins

a idie < a" < Camax dry and(d<a ory an sufficient surge

6 Dry Deceleration (t < o marginsdNH /dt < c)

amnRH <a < a'maxRH and sufficient surge

7 Reheat Acceleration (d > a or margins
dA7/dt > d) correct fuelling

a m~nRHl<a < ama×R H and suffiiient surge
ae < a or margins

8 ReheafDeceleration dA7/dt < e) correct fuelling

9Slam from Dry into a > 'mm PH and sufficient surgeRehea (A7max dry < A7< A7min RH or margins
dA7 /dt > d) correct fuelling

Fg.6 Identifhcation criteria for mode of operation and
requirementb on engine
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DISCUSS!ON

R.Smyth, Ge
Idle Thrust Comments to question of speaker concerning idle thrust requirements of civil aircraft,

The present generation of high bypass ratio engines also demands lowest possible idle thrust for comfortable taxying
and low fuel consumption in taxi operation. However, at the same time acceleration requirements for time from idle
to max power have to be met Generally the airframe manufacturer demands also here the lowest possible idle thrust.

Author's Reply
Yes, this is very true. To keep the acceleration time down it is important to fix the idle speed at not too low a level.

D.K.Andrews, UK
Do you envisage that a mode computation and trim control computer will be integrated with each engine control -
or will a separate airframe located computer be used to trim all engines9

Author's Reply
I propose to integrate Mode Control into the individual engine control box mainly on the basis that each engine has
its own throttle.

R.D.Matulka, US
Have you considered dividing the idle mode into two input functions. (I) minimum thrust and (2) minimum fuel
flow?

Author's Reply
This is not included in our present specification of Mode Control. However, if the pilot positions the throttle just
a small amount off the idle minimum thrust position, the engine is automatically trimmed to optimum SFC.

G.E.Davies, UK
I am surprised you have response problems with bleed valves. Is this because you are using switched type bleed
valves which select full bleed flow in a single operation? If you had modulating bleed valves you would be able to
select the optimum levLl of bleed flow for any particular situation and also probably obtain better response as well.

Author's Reply
Yes, a valve the flow of which can be modulated would be preferable to a two position valve. I also believe that the
response problem can be overcome, but it is an area that requires attention.

J.McNamara, UK
System Configuration. Is the thrust demand (PLA) input better organised if taken through the aircraft computer
system in order to compute for high G'-turns, intake distortion parameters?

Author's Reply
If during 'G'-turns the flow patterns into the two engines should be substantially different, yes, additional infor-
mation fron. the a/c computer may be required.

M.Perks, UK
Thrust Response What background work has been done to confirm that any transient loss of thrust following mode
switchig dunng an acceleradion is acceptable in terms of aircraft handling?

Author's Reply
In general there should not be a problem if during a transient lasting a few seconds the thrust is reduced by say 4
to 71/ However, in certain special cases the possible implications have to be investigated carefully.
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SUMMARY

Some form of redundancy is almost always required in full authority electronic

engine controls. The paper surveys the available methods, and the reasons for their
selection in particular applications, with particular reference to the effects of the
electro-hydromechanical interface.

The bulk of the paper is devoted to discussion of various 'dual' redundant

arrangements and describes practical experience with some of them - particularly the
unexpected difficulties.

The paper considers system safety and the variety of failure survival strategies

which can be employed. In general, ease of analysis is accompanied by simple failure
survival strategies. More complex strategies may result in higher system availabilities
and there is therefore a trade-off to conduct between non-recurring design cost and
system availability in service.

Military requirements and microprocessors permit more flexible system architectures
than before. The impact of these possibilities is discussed and the direction of future

developments is indicated.

INTRODUCTION

All the authors have long been active in the field of engine control. The joint
activities of Dowty Fuel Systems and Smiths Industries in digital engine control go
back for many years before their formal association as Dowty and Smiths Industries
Controls Limited and the work described in this paper is in some sense a history of

Athese joint activities up to the present day.

The objective of the paper is not however, historical but is to present some of the
4 reasons behind current system thinking using past experience by way of illustration.

Technical Requirements

The engine control systern designer often finds himself in an unusual position
compared with the designers if many other aircraft systems. On the one hand only a
relatively small budget in terms of size, weight, power consumotion and system cost is
available compared with the budget associated with, for example automatic flight control,
and yet on the other hand the safety implication of loss of engine power and even more
so of secondary airframe damage due to engine power runaway, approach the safety
implication of joss of flight control. There is, therefore, a continuous pressure on
the engine control system designer to arrive at system compromises between performance
and safety.

There were also differences in the evolution of the two types of control. The move

from simple "rod and cable" operation of flight control surfaces to automatic flight
cont-ol was accompanied by a significant level of redundancy in the electro-mechanical
systems. Engine control, on the other hand, moved rapidly to the sophisticated simplex

(i.e. non-redundant) but highly reliable hydromechanical systems to be found in the

majority of present day aircraft.

All such systems rely, for continuity of control, on the high integrity of well
designed simplex parts. Many of the systems also rely oh these simplex parts in order
to avoid overspeed. This extensive reliance on single components is, in part, made

possible oy the grading of "authority", i.e. the~ degree to which the fuel flow can be
affected by the various parts of the system.

posbe7 h rdn f"uhrt" ~.tedge owih efe ~wcnb
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Some engines used redundancy in their overspeed limiters (Figure 1) which, in many
U.K. designs, used separate valves for flow control and limiting. Many of the limiters,
particularly temperature limiters were electronic. Development of engine technology led
to ever increasing demands on the control system both in terms of accuracy and complexity
and the designers of the 60's started to include quite complex electronic 'trimming'
controls and, building on their existing experience, tended to accept simplex configura-
tions with limited electronic authority over the engine working point.

These analogue electroaic trimming controls are used on many current aero-engines
e.g. RB.211, TF.41, TF,30, Spey, Pegasus, etc.

Many trimming systems are redundant in the sense that adequate control can be
retained after failures in the trimming function. This makes it possible to accept
higher failure rates for trimming than could be tolerated for primary control functions.
The first digital systems to enter service exploited this feature by applying sophisticated
trimming functions to a fairly conventional hydromechanical control system in a control
configuration called "Supervisory" (Figure 2).

The arrangement illustrates very well the conflict between economics (or performancel
and safety which, as mentioned earlier, is a dominant feature of the design of electronic
controls for engines. The benefit of the supervisory system is that it improves
performance when it is operating but its failure cannot hazard the ailcraft. The other
side of the coin is the need to carry a complete hydromechanical system as well as the
electronics and tne fact that the very authority limitation which makes it safe can also
prevent it achieving the full performance benefits which are possible. The full authority
systems discussed in this paper seek to resolve the safety issue without imposing limits
on performance. At the same time, they allow the hydromechanical content of the system
to be reduced and simplitied.

While engine controls had been developing the electronic trimmer theme, the flight
control designers developed electronic and electro-mechanical redundancy full authority
systems for such applications as auto-landing and fly-by-wire. From this flight control
experience came a new world of semi-statistical design analysis techniques which were
required to build up confidence in the systems prior to actual flight experience. Indeed
it soon became obvious that flight experience would never teally measure the demanded
safety levels directly, the best that could be hoped for being the build up of confidence
in some of the assumptions used in the safety analysis. Hence, wnen the time came to
introduce full authority electronic engine controls, the safety and reliability analysis
was usually done from the background of this flight control experience, rather than from
the background of the traditional hydromechanical engine control.

As illustrated by the supervisory system above, the electronic engine control
designer, whether working in the analogue or the digital field was therefore under two
pressures. Firstly to continue designing with the basic economy of the traditional
hydromechanical control and secondly to meet ever increasing demands of statistically
provable safety.

The design team with which the authors have been aszociated over this period, has
been trying to find acceptable compromise solutions to this dual requirement. This
search has led at intervals to our being described as pedants, starry eyed idealists

and downright specification dodgers!!

The first system design

At the be' inning we felt that there would be no real possibility of the industry
accepting engine control system designs which relied on more than two complete paths or
'LANES'. The first such solution proposed was for the PS50 engine and consisted of two
sets of input transducers, two digital computers and a simplex actuator of the proportional
solenoid type for the main engtne control and additional permanent magnet stepping motor
actuators for the various afterburner fuel flows an nozzle control. (Figure 3).

The two computers exchanged transducer data via optical unidire,.tional data links
and proceeded to use average data for control unless the data from the two LANES was
outside a predetermined tolerance. The outputs of the two computers were also exchanged
and compared by both. If both agreed that the comparison was good, one of the two lanes
drove the actuator controlling the engine. No p7ovision was made for driving the
actuator from the other lane, or for determining which of the two lanes was faulty. It
followed that if either lane detected a failure, the actuator was disconnected and the
overall engine syste, degraded into (a) nydromechanical back-up control of the main
engine (b) frozen reheat flows which coold be manually shut down.

This system was successfully operated on a test bed and shown to nave all the
necessary safety features except the ability to continue operation after most first
failures. Failure survival was limited to deleting functions (e.g. temperature limiting)
associated with single sensors ann which were traditionally "trimming" functions. A
second set of equipment was therefore built which was aimed at adding ablty to continue
operating with full performance after any first failure.
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The Improved System Design

If any system is to survive a first failure at an acceptable rate it must satisfy

three major requirements:-

(a) 'Single thread' elements must be few and highly reliable.

(bl The reconfiguration mechanism must have a comparable success rate.

(c) The failed element must be reliably excluded from the reconfigured system.

Examination of the first system showed that (a) could be met if the simplex main
engine and nozzle control actuators were replaced by dual drive units. In this system
as in all DSIC systems isochronous governing was achieved by using the stepping motor as
an output integrator. This allows the digital computer to recover rapidly from any
power failure causing loss of temporary stored control data, by minimising the time
dependence of the system on such data. It was also required that the relationship
between actuator position and fuel flow be stable, so that in the event of digital
control shut-down, the fuel flow remains constant until recovery action is taken by the
back-up system. In the case of afterburner control, a known and accurate relationship
between actuator position and fuel flow is also required in order to avoid the need for
some form of fuel flowmeter feedback to the electronic controller.

Meeting the last requirement proved to be much easier on paper than expected in a
two lane system. Briefly, the system operated with both lanes active when both lanes
were failure free. Inputs were exchanged as in the case of the first system and the
lanes exchanged output data as before. If both agreed, both motors were driven and the
mechanical outputs consolidated by summing in a differential gearbox (Figure 4 ). If
the two lanes disagreed, the idler cage of the differential rotated and operated a
mechanical switch which disconnected the two motors, thus freezing the system. Both
lanes then entered a self-check process and if one and only one self-tested as faulty
the other was allowed to continue control. This process can only result in a wrong
reconnection if the good lane self-tests as 'bad' and the bad lane simultaneously self-
tests as 'good'. The probability of wrong connection is very low provided that the
decision based on the self-tests can be executed with acceptable error. In the system
which was tested, the decision mechanism itself was duplicated r.nd dual failure would be
necessary to allow the connection of the wrong lane. A flight standard system was
fully evaluated on an Adour engine (Figure 5-6). What proved to be far more difficult
was to prove, partly by analysis, requirement (b) - that the reconfiguration itself would
be successful as often as was specified.

This improved system was built and tested. Full fault recovery tests, including
tests in which faults were introduced in the middle of full speed slam accelerations
and in the middle of fast reheat aquisitions and throttle movements showed the ability
of the system to react correctly to induced faults. Difficulties were experienced
however after an unexpected failure of the HP pump followed by intermittent stalling of
both halves of the dual motor actuators. This effect, which is discussed later, served
to illustrate the importance of ensuring that the external environment of any redundant
system is unlikely to cause common mode failures and that late consolidation is desirablv.

At no time during the system tests and trials, which covered fifteen hundred hours
of rig and engine time, was there any indication that the system organisation required
revision in principle.

During these tests use was made of early versions of modular softwar, design
procedures which include comparison of test results obtained on two dissimilar processors
and coded independently. Improvements were also made to the computer an! software
organisation and in particular the n2ed for close synchronisation between the two lanes
of the system was removed.

Other System Configurations

The supervisory control and the fully duplicated system design represent the two
poles of system design. Between them lie a range of full authority systems using
limited replication and technology which may be dissimilar.

Pegasus Engine Control

The existing system on the Pegasus engine uses an electronic limiter and also a
redundant and much simplified hydromechanical flow control for use after a failvre in
the main hydromechanical control (Figure 7). 1'ull authority digital control of the
Pegasus engine has been demonstrated by Vowty cnd Smiths Industries Controls Limited,
together with two different forms of reversionary control. One form was hydromechanical;
the other was electronic. Both provided automatic changeover after a failure in the
full authority digital control. The existing system used manual changeover and involves
a power excursion which both the newer systems avoid.

The reversionary systems are much simrler than either the existing hydromechanical
main control or the full authority digital control. Their prime purpose is to allow the
aircraft to be landed safely after a failure in the main control. The automatic
changeover allows failure to be survived while the aircraft is hovering - a capability
which the existing system does not possess.



The design of the reversionary controls is aimed at meeting the minimum safe
handling capability with the least possible hardware. In contrast to the Pegasus,
in the exploratory Adour system mentioned earlier, the target was to retain full
specification performance after a failure.

Different design trade-offs can be made. The reversionary systems which have been
demonstrated on Pegasus are minimum hardware systems. They simply provide safety and
a "get-you-home" capability. A second design objective would be some level of enhanced
reversionary capability which provides a better match between complexity and performance.

Figures 8 and 9 show the levels of performance achieved during test-bed development.

Figure 8 shows transient-free reversion to the emergency hydromechanical system. Figure 9
shows a reversion to the electronic reversionary system during an engine acceleration.
The only inputs to the reversionary system were power demand and H.P. spool speed.

Helicopter Engine Control

The electronic arrangement demonstrated for Pegasus applies one or other of the
electronic control outputs to the same flow control valve using a single drive motor.
The arrangement used for the Adour system combined two motor outputs via a mechanical
consolidation to drive a single valve. The authors are also working on a digital full
authority system for helicopter engines in which the point of consolidation is in the
valve assembly itself.

In other respects the system structure is like that described for Pegasus using
electronic reversion. In this application the engine is planned to be used in a twin-
engined helicopter with the two power turbines mechanically coupled to a single rotor.
The arrangement is one which, after a first failure, allows power modulation to be
provided by one or other of the engines while, over large parts of the flight envelope,
the other is held on a fixed power setting. The infrequent need for power changes on
the second engine make it possible to use a very simple reversionary system and yet, in
terms of the vehicle itself, retain unimpaired performance.

The full system arrangement for the aircraft is shown in Figure 10. The hydro-
mechanical control section of both the Pegasus and the helicopter control syFtem is
greatly simplified compared to a conventional hydromechanical control. Figure 11
shows the valve arrangement for the helicopter contrcl illustrating the method of
consolidation of electrical inputs at the valve itself, (see later).

So far we have described four full authority electronic systems. One, the PS50
system, was simply a step ir development but it will be clear from the discussion of
the other three that there is no single general purpose system design and that the
vehicle in which the engine is used plays a major role in influencing the trade-offs
and the safety features of any given design.

We have referred earlier to output consolidations and to actuation arrangements
in redundant systems. We now turn to these topics in more detail,

Electro-Hydromechanical Interfacing

The electro-hydromechanical interface unit has to provide the means by which the
electronic controller influences either the amount of fuel metered to the engine or a
variable geometry feature such as inlet guide vanes or exit nozzle area control.

For fuel metering the interface unit generally comprises an electric actuator and
a fuel control valve; dual redundancy can be used for both of these sub-units, but it
is unusual to justify the use of more than one fuel control valve per discrete function.

There are numerous ways of forming the consolidation of the two electronic control

channels. Each of the systems described earlier used a different form of consolidation
and each will be discussed in some detail after a few scene - setting observations.

The most simple fuel control interface unit would comprise a motor and a fuel tap.

The state of the art has not yet reached this goal because of practical problems in
signal transducing and obtaining suitable control loops with acceptable failure modes.

For some simple applications, particularly for dry engines, it is still preferable
to retain pressure-sensing bellows, as used in conventional hydromechanical controls,
within the interface unit rather than rely on electrical pressure transducers to provide
duplicated signals for inclusion in the electronic computations for fuel demand. Thus
for a helicopter application an interface unit using an electrical demand of Fe/P l
(engine fuel flow - total intake pressure) via a hydromechanical sub-unit incorporating
a P, bellows can be shown to have practical advantages over a unit which meters Fe only,

i *
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with the P1 term being sensed and computed externally to the interface. Similarly
for a VTOL application like the Pegasus, there is advantage in using Fe/P3 (engine
fuel flow - compressor delivery pressure). In these units the electric actuator is
set by the electronic controller to select a demanded value of Fe/P1 or Fe/P 3 and
this is provided by the hydromechanical elements of the unit.

In the PS5O and Adour engine runs mentioned earlier, we used electrical pressure
transducers with simplified hydromechanical valves and we believe this is still
acceptable for afterburner fuel scheduling controls where the reliability requirements
are less stringent than for main engine control.

For a helicopter application the Mach. No. and altitude envelope is relatively
limited and satisfactory control can be achieved using the Fe/P, type of interface,
whereas for the Pegasus the operational envelope is wider in scope and a Fe/P 3 intprface
is preferred. There is a distinct advantage of this type of control for Pegasus
because an incipient engine surge, perhaps caused by reingestion of hot gas, at a
selected value of Fe/P 3 results in a rapid fall in compressor pressure and this will
cause a corresponding reduction in the engine fuel flow and thus minimise the risk of
damage to the engine. This action would still occur under electrical control with a
separate electrical transducer but the maximum rate of fuel reduction would be limited
by the actuator response.

The case for using electrical pressure transducers becomes stronger for the complex
military engine where there may be a requirement for up to four metered flow streams to
provide for the main engine and multi-manifold afterburner system. The metering
schedules for all the flow streams may require a common pressure term which can be
supplied from a pressure transducer, duplicated for reliability, and computed in the
electronic controllers. rhis gives a considerable saving in weight and cost of sensing
elements.

General Features and Considerations for Interface Design

The electrical sub-unit of the interface, referred to as the actuator, comprises
a motor or a combination of motors and these may be of the following types:-

(a) d.c. stepper motor

(b) a.c. induction motor

(c) torque motor

(d) solenoid

The choice of the type involves the following considerations:-

I its failure mode, particularly when electrical power is removed

ii complexity of driver electronics

iii failure mode of driver electronics

iv power consumption and related heat dissipation in power supplies and driver circuits.
This affects the size of the electronic control box and its cooling requirements.

v range of operation from minimum to maximum flow demand in terms of angular or
linear output movement representing fuel demanded.

vi speed or response requirements to satisfy overall accelerations and also transients
for control loop stability.

vii resolution required for accuracy of setting acceleration and steady-state flow
schedules.

viii minimum output torque, or force, required to operate fuel valve.

Additionally the actuator may include position transducers and some mechanical
devices such as gearboxes or differentials, and inevitably, it has to be decided whether
the actuator is to be sealed against fuel or be fuel-immersed. Seals can greatly increase
the output force or torque required from the actuator assembly and it is important to
allow an adequate output to overcome additional friction and reactive forces in the
hydromechanical mechanism of the interface. Prediction of friction due to wear and
varying lubricating conditions is difficult, yet an 'overkill' in output can lead to
excessive power consumption, heat dissipation, size and weight. If the unit is to run
fuel-immersed, compatibility with fuel and fuel-borne contaminant has te be taken into
account.

The hydromechanical sub-unit and actuator have to be designed as a whole to give
the optimum performance, minimum size and cost for the complete interface unit,
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Design disciplines developed for conventional hydromechanical controls are
applicable but special attention is necessary to provide minimum reaction forces from
the hydromechanics onto the actuator for the reasons given.

Particular preferences

In the three types of interface described in this paper the actuators run fuel-
immersed and the stepper motor has been the preferred type of motor because:-

(a) it uses a 'pulsed' signal input which is compatible with the output of digital
electronic controllers.

(b) it can be used for control without reliance on a position or velocity feedback.
This is particularly relevant to failure modes where the requirement is to avoid
engine upward speed runaway.

(c) failures in drive circuits do not give a runaway situation - the stepper motor
reacts by running slower or, more frequently, stopping.

Generally a 'fail frozen' or 'fail fixed' action is a feature in digital electronic
control specifications at the present state of evolution, but there are cases when
failure to a particular state other than 'frozen' is required during certain engine
operating conditions. For an Inlet Guide Vane Control a fail-high requirement would
favour the use of a torque motor which gives such desirable features as low-weight,
low cost, high speed, and low power consumption.

Redundancy Considerations

As we have seen already, when two electroni: control channels are used to control
one funcf-ion whether it be a fuel metering control or a variable geometry feature of
the engine, the choice of degree of redundancy and the point of consolidation are
influenced by the engine application and the reliability requirements appropriate to
the function of the control channel.

In a multi-engine helicopter the reliability requirements permit us to use a
dual-dissimilar, redundant system in which a main electronic control drives a stepper
motor which operates the fuel metering valve in a full control mode, while, after a
failure of the main control, an electronic reversionary control drives a similar but
quite separate stepper motor. The latter motor operates a separate element of the
fuel metering valve to give the same overall metering effect as the main channel stepper
motor. The latter motor operates a separate element of the fuel metering valve to give
the same overall metering effect as the main channel stepper motor. Thus the interface
uses two stepper motors and the consolidation point of the two electronic controls is
effectively in the controlled orifice of the hydromechanical part of the fuel control
valve. The form of the consolidation (described later), the low friction of the valve
and the use of fuel-immersed motors all reduce the probability of common-mode failure
effects of the type mentioned earlier.

For a single-engine VTOL application such as the Harrier, where a completely
separate hydromechanical manual fuel control is specified, two notable redundancy
options are available for a digital electronic control system:-

(a) a single main electronic control channel with automatic reversion to the manual
fuel control, i.e. a hydromechanical redundant control

(b) a dual electronic control using duplicate drive to the main fuel control backed
in turn by the existing hydromechanical manual control.

The presence of the manual fuel control permits the interface unit defect rate to
be improved by using only one motor. The consolidation point in the dual electronic
channel option kb), can be upstream of the electro-hydromechanical interface.

For a complex military engine application involving main engine and afterburner
control the roliability requirements necessitate the use of dual motor actuators for
the main engine fuel control and the exit nozzle area control but not for the afterburner
fuel metering controls. For the system evaluation on the Adour engine we built dual-
motor actuators for the main engine and exit nozzle controls. In these actuators the
consolidation of the control channels was in the actuator part of the interface. For
the afterburner fuel metering controls using single motor actuators the consolidation
point was in the electronic channels.
Description of Interface Examples

In this section of our paper we describe, in detail, some types of interface

actuators which we have already mentioned.

Dual Motor ActaatoL

Firstly, the dual actuator which we built and ran on the main fuel metering control
of an Adour engine and also for the nozzle exit area controller using a full authority
digital electronic control system, is shown in section in Fig. 12. The actuator provided
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a linear axial output which we used to load an input selection spring of the main
engine flow scheduling unit and a similar actuator was used to drive a control spool
valve for the nozzle control.

Two independently driven ttepper motors of identical basic design were arranged
so that the individual rotations of each motor armature were added together in a nut
and screw assembly to give the actuator axial output displacement. Motor B drove the
screw and motor A, the nut. The nut was restrained from axial travel under normal
working loads and rotated within a ball-race housed in the actuator case. The screw
could both rotate and move axially. Each motor could give the full output shaft travel
if the other motor was held. Motor A was driven by one lane of the electronic system,
motor B by the other lane. In normal operation each motor contributed equally to the
output travel and in this condition full output travel was achieved by a single revolution
of each motor.

Two independent L.V.D.T.'s were used to monitor the output movement.

The motors were of the variable reluctance type and, therefore, had no detont
torque. We provided the fail-frozen action oy using friction brakes, one for each motor.
We designed the brakes to hold the appropriate motor in the event of power being cut off
from one motor and full drive being obtained from the other motor. Whilst this gave a
continuously parasitic drag on the motors it did provide a simple brake mechanism.

Thus, we had the driving mechanism to consolidate two electronic control channels.
Faults were detected by comparing the rotations of the two motors in a bevel gear
differential situated between them. Any significant discrepancy between the motor
rotations resulted in a movement of the differential drum which caused electrical switches
to be operated according to the direction of its rotation and the angular displacement.
Operation of these switches indicated the presence of a fault in one of the control lanes.

As mentioned earlier, over 1500 operating hours were obtained on these un:.ts and
invaluable experience was gained. Problems occurred due to unpredictable fr~c:ion levels
experienced late in the test periods. The effect was to cause random but correlated
stalling of both motors. The maximum torque of each motor was not identical Fnd as
friction built up the lower torque motor stalled first. The system recovered by switching
correctly to single motor operation but the second motor stalled almost immediately and
the system then froze the actuator in correct response to an apparent double failure.

We have already mentioned two of the many lessons learned from this experience -
consider the external environment very carefully for "common mode" faults which affect
both lanes of contro] and consolidate the lanes as far into the system as possible.
There were others.

The instrumentation originally used on the tests was adapted to checkLng the control
performance in terms of engine behaviour. It did not help to identify the mc_ hanism
which caused the freezing of the output. Clear understanding of the sequence of events
was only obtained after instrumenting the interface unit. We have since developed an
on-line recording and analysis system which allows us to monitor a large number of
variables and gives us great flexibility and rapidity ir dealing with the data recorded
on magnetic tape. We use the system to record not only all the running carried out
but the control programme in use at the time. Both are stored indefinitely for future
reference.

There were also lessons for the design of the interface.

A larger torque margin from the motors would have overcome the friction; alternatively
a braking system which operated only when a system failure was registered would have made
optimum use of the motor output.

Similar manfunctions occurred due to fuel borne solid contaminant causing excessive
stiction in the nut and screw assembly and in the motor bearings. T-is could be overcome
be arranging for better filtration. We concluded that a simpler mechanism was desirable
and, in turn, this directed our attention to the design of the hydronechanical units
using mechanisms requiring minimal force or torque outputs from the actuator and using
rotary ratner than linear movements to simplity the translation of the basic motor move-
ment. Our current work includes the evaluation of an actuator using two motors on a
common shaft. This gives a simple me.:hanical arrangement but adversely affects the motor
dynamics due to the increased rotor inertia for the active motor.

Helicopter Tnterface

As mentioned earlier, Fig. 11, shows the interface unit for a helicopter control.
Here we propose to use two identical stepper motox/gear box assemblies each driving a
complementary part of the fuel metering valve. The 'main' control lane drives one of
the motor assemblies which rotates a cam-like plate the edge profile of which is used to
form the metering area for the fuel. The plate rotates in conjunction with a metering
orifice which in turn can be rotated independently by the other motor assembly driven by
the reversionary lane of the engine controller. In normal operation the reversionary
motor is held electrically by a fixed power phase pattern applied to its stator, whilst
normal control is provided via the main lane and its motor. If a fault occurs in the
main lane, control of the engine is obtained through the reversionary lane via the
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reversionary motor whilst the main motor is held. The gearing is arranged so that if aI

fault develops in the reversionary motor lane during normal operation, Such that the
orifice element rotates, the main control can maintain correct relative position of the
cam plate and the orifice.

Each stepper motor assembly is mechanically geared to a resolver to enable the
relative positions to be monitored. These resolvers are not shown in Fig. 11.

VTOL Interface

A basic representation of an interface unit proposed for an engine such as Pegasus
has completed several hundred hours operation on a Pegasus engine. The actuator part
of the unit used a stepper motor, gearhead and resolver and we have arranged this to drive
a rack to move a pivot in the hydromechanical mechanism. This unit senses P3 in the
hydrcmechanics and the stepper motor position sets a Wf/P 3 value.

The complete unit can be operated with a variety of full authority electronic control
configurations ranging from a single main lane to a full duplicated arrangement or with
varying pre-determined degrees of control degradation in the reversionary lane. A unit
of this type has been run not only with automatic reversion to a manual fuel controller
with minimal change in engine thrust but also with an existing, well-proven, production
manual fuel control which involves an excursion in engine power during changeover. A
variant of this unit uses a dual motor assembly.

In contrast to the desians mentioned earlier, the motor in this actuator cannot
rotate indefinitely but has positive end-stops. We originally provided excessive
compliance in these end stops and this caused the stepper motor to be back-driven as
their deflection was restored.

This gave rise to anomalous rotation of the motor. The natural frequency of the
motor/end stop system was such that, when the motor was continuously driven against the
end stops, the drive pulses were applied at the instant the motor was being back-driven.
The motor then continued to be driven but in the reverse sense.

Various forms of anomalous behaviour can also be observed if the motor is under
damped. Current drive, unipolar drive and excessive drive power all result in reduced
damping and have produced mysterious effects only clearly explained by properly
instrumenting the interface unit.

Conclusion

In this paper we have considered redundancy in its various forms and drawn upon our
experience of more than 10 years, with redundant digital systems.

We have described bad experience as well as good because each is of value to us.

We hope that in this presentation we have gone some way towards answering tue
'cri de coeur' of the engine control designer who, after a long, hot and frustrating day
on an engine test bed said:

"Electronics is electronics, hydromechanics is hydromechanics, but interfaces are
just a can of worms!"

The authors wish to acknowledge the work done by their colleagues within Dowty and

Smiths Industries Control Limited. Their efforts have led to the accumulation of
experience from which this paper has been drawn. Recognition is due also to the support
received from M.o.D.(P.E.).

They thank the directors of Dowty and Smiths Industries Controls Limited for
permission to publish this paper although the views expressed are entirely their own.
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Figure 6
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Figure 12
Section through Experimental Dual Motor Actuator

DISCUSSION

G.E.Davies, UK
Keyword: Interfaces. I would agree with your final comment that nterfaces are "just a can of worms" and I am
thinking more particularly of the input interfaces. This may be because the engine performance people, the control
system designers, and the transducers manufacturers do not get together enough to discuss their requirements This
then results in non-optimum systems being specified because control system specifications are written around avail-
able equipment, and transducer manufacturers do not know what is really required. Can you comment please?

Author's Reply
There is always room for improvement in communications between technologists of all disciplines and this was one
of the factors that led Dowty's and Smiths to join forces many years ago. Over the years, there has been steady
progress in mutual enlightenment and in-house transducer development evolving from closer liaison with the engine
manufacturer and Government technical establishments.

Generally, our requirements for transducers have not been met by "off-the-shelf" items, due to hostile environ-
ments, stringent accuracy requirements and special to type interfacing for engine controls. The high techmcal risk
in the new technologies seems to have discouraged investment and interest from the specialised suppliers pending the
evolution of a clearer and more positive market.

There are signs that specialist manufacturers outside the immediate engine controls field are becoming more inter-
ested and no doubt this will be stimulated more as development of electronic control systems proceeds.

From a physical standpoint, none of the engine parameters are inherently in true digital form. lence, they all
require a greater or lesser degree of modelling in the digitising process Even speed and other frequency signals
require a precise hardware tume modcl in the form of a crystal clock or R/C circuit. The essential problem of trans-
ducer design is thus the finding of suitable environmentally stable mechanical, hydromechaacal or pneumatic
models which will tranF< m the analogue engine parameter either into an anaiogue or digital encoded signal which
can be transmitted from the measuring point to the controller To ddte, the number of such modellhng/tranrmission
techniques with adequate environmental capability has been restricted.

Overall control design has thus always required oInpnifO1ist., between system requirements transducer locations
and current transducer availability and needed close liaison between the various disciplines.
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CONDUITE DES MOTEURS DE LA NOUVELLE FAI4ILLE AIRBUS

par
Joan-Claude Tchavdsrov

Ingdnieur au Bureau d'Etudes Installation Motrico

de la B.I1.I.AEROSPATIALE
316, route de Bayonne - B.P. 3153

31053 - Toulouse cedox
France

RESUME

La premit-ro partie situe le probibme g6ndral de
la conduite moteur, avec les objectafs 4 satisfaire, et
les grands principes retenus.

La secondo partie donne une description do ls
conduits des moteurs do l'AIRBUS A 300 :commands, des
gas, rdgulation hydromdoanique, instrumentation vrinci-
pale motours, thdorio ot choax du param'tro do conduito,
syst,'acms autoatiques associ6s,, proedduros opdrationnel-
los.

La troisibac part~o prdsente los solutions qul
sont onvisagd'es aujourd'hui pour los futurs AIRBUS A310,
on particulioer par l1introduction do rdgulations par-
tiellornent 41ctroniquos.

LISTE DES SYMBOLES

ACT Actuator,, servo-moteur d'automanotte
ADC Air Data Co)mputer, contrale andmosdtriqu'
AEL Affichour EPR jamito
ANL Afficheur NI limite

CEL Caloulateur EPH limite
CL Climb, mode do conduite anont~e
CNL Calculateur Ill uniute
CR Cruise, node do conduite croisibre

EC Electronic Control, boitier do rdgulation _,1ectroniquie
ECT Exhaust Gas Temperature, tompdrature 6jection des gas
EPR Engine Pressure Ratio PT7/PT2, rapport do preosion du soteur (PWIA)
FAX TiMP :Flexible Temperaturo, tespdraturo fictive Odcollago pouss6e aciaptdo
FAX TO: Flexible Take-off, ddcollage P pousod6e adapt~e
GA Go-Around, rosise deb Ce"
GE General Electric

IIMC Hydromcnanical control, rg ,ujateur hydroa,'caniquu
N- Nombre do Mach

NCT Nlaxinuit continuous,,ml do conduite maxomun contino
Ni Vitosse do rotation do la so)ufflante
112 Vitesse de rotation du mobile haute prossion

UAT Outside Alir Temperature, to2npd_'rature statique oxt(ric,.ure
APA Power Lever Angle , angle, On lev&or des gas sozr acteur

PT2 Pres~sion to tale entr*e so tour
4PT7 Pression totale sortie turbine basso presnioi. (PWA)

PWA Pratt & Whitney A2troraft
R PM Revolution Per 1-monte, tiur par minute
TAT Total Air- Temperature, toapdrature -tale
TCC Thrust Control Computer, calculateur &, nousseeu
TLA Tnrust L~ ocr Ang lu, anii nanette an Foo)te Ire pU - tag:,

TO TaKe-Off, mode du consvuite dcllagc
TRP Thrist Rating, ?a:1 o, affichour de, pouss Ie
TT2 Tenmo Drature total, onto>' meteorz,

Z Altitude

o. I:.TRQDUCTIO:.

D<va.,ds rzgrcn t'fot.<nc qoo %xor i~terc Pr.'acto'.o., pour leo; avm x.s czvilb dec

oa),-1odce., fact place, a .x tuoe-r 'aceo QL'ziJ £1 x N a~x d- Jltm le t N setrio mo tan-

c,.ara n av-

-or'jzoaon to eou'tI no pa .as, part.-"olo' r. text UI l' Cttitu -

5]>out~o r> 1 .e a -_'xc at_ e di> c, ux- - a. 1 ot 'at -,ar t t



Par ailleurs, le ddveloppement des technologies bamdes sur l'6lectronique et l'61ectricit4 tar~t pour
les syst~mes avions tels que coamarides de vol et commanceos de gas, que pour los rdgulations en g~n6ral, a
naturelloment conduit les motoristes et los avionneurs it introduire au momns partiellement cem techniques
dans les systbmes de conduite des rdmcteurs. Le but reclierch6 dana cette approche est double : conomies
sur la consommation et l'usure du moteur, et rdduction de la charge de travail de l'4quipage.

be but du prdsent document est d'exposer les principes di syst~me de conduite des moteurs instalids
actuellement sur !'AIRBUS A 300, ainsi quo los solutiors envisagdes pour la nouvelle famille AIRBUS A 310

Z et eventuellement A 300, par introduction do rdgulations partiellement 6lectroniques.

1. PROBLEMJE GENERAL DE LA CONDUITE MOTEURS

On pout ddfinir Ia condulto des moteurs d'avion cosine dtant l'ensemble des syst~mes et des opdrations
ndcessaires pour ddterminer et pour maintenir sur los moteurs Ia po-issdo requise pour chaque phase do vol
successive.

L'objectif principal hL atteindre est double. 11 Lout d'une part 6tre sair do Ilobtention do la poussco
eu ce, avec la pr6cision attendue ; d'autre part, il Lout 8tre sar do no pas ddpasser los limitations du
motour on regimes et en tempdrature, ceci afin do conserver la s~curit6 requise, maim aussi dans 1e but do
prdserver la durdo do vie des moteurs et do rdduire los coats do lear maintenance.

Los autres objectifs no sont pans h ndgliger. Le syst~sme doit pr~senter une grando simplicit6 do mime
en jeuvre et d'utilisation, ofin do rdduire au maximum la charge do l'dquipago. Ceci est de plus on plus
important cornpto-tenu du degr4 croissant do sophiistication des avions octuels et des tondances do nombreu-
505 compagnios adriennos ha rdduire 1e nombre do membros d'6quipage.

EnI'in, l~s 4volutions recherchdes par los motoris~es ot les avionneurs doivent conduire 'a uno r~duc-
tion do la consommation spdcifique et des coalts do maintenance des moteurs.

Ces objectifs sont atteints au acyon do di±ffdrents syst~mes. La commando des gas permet au piloto
dagir directement maim manueilement sur 1e rdgulateur hydromdcaniquo du moteur qui assure 1e dosage cor-
respondant du ddbit carburant. En parall~le, 1e pilote a la charge do surveillor l'dvolution dos arama-
tres principaux du motour (vitesses do rotation des mobiles et tempdraturo do gas essentiellement et doi'
slassuror q les limitos prescritos ("marques rougos" dos indicateurs) ne sont pam etteintes. En compl6-
mont ha oem actions manuellos, 1e pilote dispose maintenant do systbmes automatiques qui allbgent so tftche.
D'une part, le calculatour de pouss~e d6termine et afficho en permanence la poussdo limite disponible me-
lon Ia phase do vol sous la forme d'un parambtre dit parambtro do conduite qui a 6t6 retonu par 1e moto-
riste comae 4iant le plus repr~sentatif dc 1a pouss6e du motour. D'autre part, le couplage do cette indi-
cation do poussdo limito aec le calculateur d'autosanetto pormot d'assurer automatiquoment par simple
prossion d'un bouton l'obtention et 1e maintien our le moteur do !a poussde r6elle rocherchde.

Nous terminerons 00 chapitre do gdnralit6s sum' la conduite dos moteurs par doux remarques essentiel-
los.

La premibre concerno l'importance du coapromis performance avion / durdo do vie, donc coat do mainte-
nance du motour. L'objectif recherch4 our cc point no sore atteint quo si 1e celcul et l'obtontion dv
parambtre do conduite roprdsentant la pousode sent effectugs avec o~ne grando prdcision, d'oh l1importance
do la qualit4 des processus de cabaul et do la chaine dasoervissoment calculoteur do poussede - colcula-
tour d'automanette - commando des gas - i~gulateur hydrowdoanique.

Dens It. douxibme romarque, nous viulons seulement rappelor l'importanoe des ddcollages et 6ventuol-
loment des montdcs effeotues en-doomous do lo poussde liml to.- Coo procddures agismont directemont our
llusuro du acteur et donc our 10 coat do a maintenance.

2. CONDUITE DES NOTEURS DE L'AIRBUS A 300

L'AIRBUS A 300 cot mintenant prdsent4 coma=e pouvant, 8tro equipd do deux familles do motears
- famillo Cb'-5O (C, C) , C2, C2R) de General Electric
- fainillo JT9D (- 59A) do Pratt & Whitney.
1--o deux meteors sont 6videmment trbs voisins en cc qui concorno la poussde ddveloppde, ia constitu-

tion interne et le node do rdgulat'on. La diffdrence ossentiollo quil nous cot important do connattre
pour le sujet trait6 dens cc documnont cot lu choix du metoriste en ce qui concerne lo parambtre dc condam-
to rcprdsentanit la pousoso, choix our leocol nous reviondrono ultdrieurement.

Dans l'p pr~sent chapitro nous nus intcrcsscrolW successiveLocnt aux sujets suivants :commando des
gas et Lorotiens du rdgulateur Oiydromdcanique, instrumentation principale du motour, choix du paramLtre do
conduito ot thdorie de la co,.,duite proprement dite, systhaces automat".qaes de lavion :caloumLateurs do
poussde et auoe'aiiette, utilioation do ces diffdrents syst~wco.

L .oyoteme do commando motour cot compood d'un ensemble cdblo - poulie depuils lo poste do pilotage
A juoquba u, tambour do tranofert pour la commando des gas et do l'inverseur do poussdo, et duni actionneur

ilctriquc lin~airo pour l1ouvorture du robinetHP do carburant.
Le tar,Lur do t,,arisfert cot install6 dens 10 mdt en avant do la liaison principalo mdt - voilure et

trainsfoinnre ai.mouvement circulairo er. un moozvomret lindairo do commando par cdblo "push-pull" rel,_c au
-~in I de -,,ond do gsour 1e rSiulteur do carourant. Le cqb10 chem-,r.e sur 1e c~t6 gaucho du carter
6, ui'flante et attaque un ensemble biullc-guignol. 115 au guignol du rdgulateur.

Par aillouro, l tauo,.r de transfert dens lo edt cot anh u distributcur do commando do l1inver-
j (jAr d,- pAuo,;o' ea qulO la but 'o dlintordaction ompdchant la mise dos gas tent quo los obstacles do
I' itvrsooi' sornt en~ transit.

L'aotaonnejr 5 bolctriouv lir,6air cot installS wu voisinage, du tamocer do transfert et est relad6 au
~ug ldo _maiiado do rouinct dF sur 1e rdgulatr-ur par nc comnando similaire a la commando des gaz.

Co tte cumz.a.xde des Eaz a,;- d_,rectemnt our lo "1levier do puassanco" (P~wer lever) du rdgulateur
iiyurriomnijue I~n 1.0 lo fc.xotaor.s 3ort l(o suivaritts. En premier lieu, ih assure la rdgulat.aon du r~eimo

1.2 dj =hil haotA rcoo par doagec do, dVbit carbura'it. Jm funotioz. secondaarc, maim non~l crae mpor-
Icsr-,. !onteIar r--vsdes limitos do pimpagoc notamment pendant les Phases dlacc4-

I r~a io1c'~raom ,I. ao Cecc -',t jtteonu poor leo dceox motours GE et PdA par !,act~j,,I comtl-
ezr;laorr luo cala.;-o Csa a~c s fix o do m pressocor ot 6,,r la c- mmandc do, vaynic-s do d~c.%arg;k
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de l'air du compresseur dans le canal do soufflante.
La figure 1 montre le schdma de la rdgulation hydromdcanique du moteur PWA-JT9D

DEBIT CARBURANT

BURNER PRESSURE
PRESSION INJECTEURS

HYDROMECHANICAL
AMBIENT PRESSURECOT L
PRESSION AMBIANTE(-O

POWER LEVER RE_ ULtE
LEVIER DES GAZ -4 HYDROMECANIQUE

FIGURE 1

REGULATION HYDROXECAI1IQUE DlU JT9D

-0 Vius do roaind asufat,11:mtusG tPA aa~ de conduito du moteur GE

- Topraturo entr,,e on sortic turbine basso pressj on, EflT a oteurs GE (ontrde) et PWA (sortic)
- Vitosso do rotation du mobile haute prossnen, N2 : mtours GE ct PWA
- ODhit carburant.

Los indicattours, au nombro de un par parasi~tre et par motour, sont au format 2 ATI et sent s~tuo"S Sur
la partie centrale de la planoho piloto.

a) L'indicatour EPR comproisd lus felements suivants
*une aigulile indiquant la valour de l'EPR dana la plago 0,8 01,8

o*un rep~tiLtour digital h quatiro tambours dans la partie infdrnoure do l1indicatour. 11 ,ndique la
valtur do i'EPR avo c pr~cision dans la plago 0,8 ii 1,8. L dernier tambour correspond 0 0,001 EPR

*un index obilo. 0 la p~riph~ric du cadran indiquant la valour do 1'EPR limito
*un rcpetituur digi.tal a quatre tambours do la valour do l1EOR limitu dans la partie sup6ricure do
I 'indleatour (noi. auto'tatique)

*ur. Lcuton do commxando do l'-ndox oA du comptour NOR Ilinite (non automatique)
* enc chatnou do d~pasoemun foiurnissant un signal do comparazsvn entre FOR r~eJ Ut EPR limito pour
le systl me autarintte

* n -iitch do. too~t qui, scinlo lo f~no tionnomenit do 1 'indiLcatuzv puur uno valour particulibro do
11 NOR.

Ent id, aut .natiqltu, c'vst-a-diro par cuplago uvoc 1e calculateur EPR iictito, lu bonton do corn-
-~and d(9 0L citt puo' 1'idcx t'.Abile do 11OR linite' oat c-rnndU par uliu ortie di calculatour, et
le rop. titoer d-,gital ust E~rn. r. mode' ma.uEl, le Lenten de curnuando oct tiLr( -t oa ritallion entrairro
'U !a f ic l'-,idox n~jbilo et in rep'tituur digital qul ust apparet. La valour do EOR limito affichde par

-,,iipgoc~ 1'iindicatour an royuvn d, ce bout. n dc cmiando oat roicv c Sur lea courbes do c ,nduito z.to-
tie' du Y''anu,i de Vol.

t)L'ndcaenJ1 aret"' au iztfar GE eott~ vo-,ain. de l'it~dicatuur LPR dint noun to nons do par-
1cr. I- nffic',e la, al -a u 11! -inns in lg 0 0 125 E-"YRO, avsc nuno'~ de lecture do- 0,1 " I

R' n~'t i di,- 'tn1. lj, toz e o asatris functi na rcoomn d-critns pvnr l'irddicatour EFR reatuiwt
dca O, c ecoquc :n o--ccaii. Lindcatcar 01l conro rto n- pica3 uz.v aigu-lin ej',-.dica-

t-, i d, !a yaik ,r iaxirale at,n--nIt3 rzu ct nt'~par 1 'a,,-illc pemi.ialo a4-dolO do ia lirnito din

At~:t~
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c) L'indicateur EGT comprond les 4idments suivantsf
u ne aiguille indisuant la valour de lIEXGT dans la plage 0 10000 C. Le cadran comprend des pla-
ges de couleur jaune et rouge correspondant aux diffdrentes limites dlutilisation,

*un compteur digital ha 3 tambo~urs dans la partie inf~rieure de l'indicateur. Le dernier tambour
correspond a 10C,
une migulle e dindction etd la valur aisalee daoint u st nrd a r

*une chnfnle de diction e do sgalu ain de daent u s nri~ a lagil
cipalo au-dela dc la liinite de temperature correspondante,

*um switch do test qui simule le fonctionnomont de 1'indicateur pour une valour particuli~re de
'rOT.,

d) L'indicateur N2 com'orond los 614ments suivants

*uno aiguillo indiquant la valour du 142 dans la plago 0 'a 120 % RPM. Le cadran comporte wun index
rouge correspondant ha la valour limite d'utilisation,
un comptour digital 'a quatro tambour3 dams la partio inf6rioure do l'indicateur. Le dornior tam-
bour indique 0,1 % N2,

*une chaine do d~tection dos ddpassemonts,
*uno aiguille dVindication de la valour maximalo atteinto qui est entrainde par l'aiguille prim-
cipalo au-dola do la limito do survitesso,

*un switch de test qui simule le fonctionnoment do l'indicateur pour une valour particulibro du
N2,
u n. switch ha transistor fournissant um signal do fermoturo utilis4 par lo circuit do ddmarrage
pour uno valour particulibro du N2.

e) L'ixndicateur do d~bit carburant comprond lo dldments suivants

*une aiguillo ind iquant le ddbit massique dans la plago 0 a 12.500 Kg/h ou 0 'a 27.000 lb/h,
*un compteur digita. ' quatre tambouro dons la partie infdrieure do l'indicr-teur. Le dernier tam-
bour indique los dizainos do kg/h ou do )b/h.

Comae nous l'avons d~ja indiqu4, le parpa~tro do conduito choisi par lo motoriste est 1'EPR pour le
moteur Pratt & Whitney et 1e rdgimo Ni pour 1e General Electric. Chaque motorastu ddmontre quo la relation
ertre !a pousode et le param'etro quill a choisi est conserv~e evec une bonne pr~cision peoax toi's leo mu-
tours. Cette ddmonstration ost bas6o ossent.~ellement our des osiais offoctuds our un certain nouibre du mo-
teurs, 11 ost ainsi prouv4 quo 1e param'atro choisi ropr~somto la pouosse.

Sans vouloir inteivenir our los raisons deo choix offoctuds, nous pouvons dire quo l'avantag. essoi,-
tiol en favour iu Ni est so simplieitt' do mise ei. oeuvre, alors quo la pouss~e soablo plus directemont
1i6e 'a l'EPR.

Etant donn4 l'ex~stence do la relation pousode - paramatro do conduite, on ddfinit pour chaque phase
do vol des coarbos de conduite donnant la valour du N1 ou do 1'EPR do fa~on ',obtenir oxactement Ia pous-
see nocosseiro. Six modes do conoduite ont 6t4 retenus pour repr~senter los diifdrentes phases do vol
ddcullago, ddcollage 'a pouss~e adaptdo, m'aximum montde, maximum croisiore, maximum continu ot romise dos
gas. Pour chacun do cos modes, cot ddfinie one courbe donnant 10 Ni ou l'EPR on fonction do la teapdrature
totale et do l'altitudo piossion. Chaque courbo cot 4crdt6e 'a une valour maxijoale en-dessous d'uno cortaine
teinpdraturo dite tempdrature do cassuro uu tempdrature do flat rating. En-dessous do cotte tempdrature, la
pousode resto approximativomont constante. Au-dossus, la poussdu d6croit avoc ]a toapdraturo tot-tle TAT, do
fagoii a conserve- toujuurs uno ldg'ere marge par rapport 'a la tempdraturo dIEIT limite correspendanc au mode
considdr4. Cheque rdgime ost domc d~fini par doux donndes:

- une courbo do limitntion on AIT qui pout Otre roprdsontde par un polyn6'so en TAT do dogr6 inf6-
riour ou 6gal 'a cinq,

- une temperature do cassure (flat rating) ddfimie par un 4cart par rapport 'a la tempdrature ISA en
fonction dc l'altitude. Ainsi,; pour cheque mode do conduito, la poussde aaxiaeo et d6finie au
acyon d'une coufbe donnant le paraa'atre do conduite, seablable 'a cello solidmatiodo our la figure
2 'a titre d'exemple.

4 Chaque couxbo est d4tablie pour uno configuration perticulibre do prdl~vements d'air :eucun prl'uve-
mont pour lo d6collago et lo docollago h poissde adaptdo, pr~lvomonts pour 1e soul syst~mo do condtionnc-
mont d'air pour los quetro autres modes. Pour los auLres configurations do pr~l~vements, des corrections
sont appoitdes eu N1 ou EPR. Coo corrections ddpendont do la quantU do syst'emes alimentds par llair pr(-
lev6 sur 1e rdacteur ot sont donnds on fonction do l'eltitude.

be ddcollago 'a poussde adaptdo pout 8tre utilis6 cheque fois quo la masse rdolle de l'avion au ddcul-
lege ost infdriceure 'a la masse maxmmale autorisde. Comme cette dernibro d~croit quand la temp~rature crouit,
ii est possible do faire correspondre one tempdrature fictive la masse r6elle do l'aiion. Cette temp~ro
ture est appolde "Flexible temperature' et est donne pour un adroport et uci type d'evion donnds par la
fiche do terrain en fonctioi do la masse soe l'avlon ot compto-tonu do la TAT (= OAT) locale du jour consi-
df'r6- La poussde mmcsi obteiue ost parfaitoment adept e 'a la masse rdello do l'avion, do sorte qu'o1. ceo
&~ panne d'un motuur mu ddcollago, celumL-ci est effectu6 dens los admes conditions do sdcurit6 qu'un d~col-
logo normal sans aucuno action particuli re do l'(quipmgo. be pourcontago maximal do rdductior, de pioseo
on "FLIEX TO" eot mujourd'hui do 16 % jleo approchos ±Iecussamres sont en cuuo actuollemont pour atttindre

25% KRemarques
10) Los courbb& de conduito pour cha,,uu ude sooit dVfinies on f~nction do 1a temp6rmture et do l'alti-
tuo -atir deo denn,'-s f,.ornioc par 10 ;rgrrm do porformances du mutour. On prend en compte, dans

tueto dfinitin, des tormes additifs aux vaeors th(A'iqups du parmmtre do c. nduito qui correspondent aux
ph~nom'arEi suivantb - transitojiroc do r6gmo on particulier lors do 1' (volution thermmquo du Miteu'r C-u
collago, prbence d'humidit, dons llatmusphare rcello, (carts entre moteur minimal et mutour moyen >ur leo
r Limes cortifio.'

20) En cms do panne d'uno indic:aticn do pmram,'atre do covnduite (Ni )ii EPE), one co)nduite anuelle esct
tiiis6e en socours mu Lyen d'un metre: parammtre , m,,yennant g~n~ralement la prise on o omptu do l~g ro pio-

na lit -s do peouss6e. LP paramn'tre do eulcnt du NI ect le N2 ocur le muttar GE, celui de lI'EPR tst lo,
NIou om~orPA Leo ,bj~cti~z, fix - pour la difinutin d', -es c ,rbeo d _5ec,,r,3 3 rnt lc6 mu~vuat,

*6,r, ,dr dE la i ,s: r~'eiloment . bt, ~v su.< r loure tors
* o a or ,c i. as dom o- ic, iiitati i- 'ho tezr.
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EPR LIMITE

Z 12 000 FT AND ABOVE

EGT LIMIT CURVE
COURBE LIMITATION EGT

"FLAT RATING" Z =0 FT

FLAT RATING TEMP Z =0 FT m A

TEMP. DE CASSURE POUR Z = 0 FT

FIGURE 2

EXEMPLE DE COURBE DE CONDUITE :JT91) - DECOLLAGE

Cette thdorie de la conduite moteur est mise en pratique dans le manuel de vol de l'avion qui donne

le tracd les diffdrentes courbes dont nous avons parid, ainsi que les corrections ndceosaires.

Minis ce CalCUl manuel est 6galement prdvu dans le syst'ome automatique comprenant le calculateur do Ni ou

EPR limita et lafficheur correspondant. Ce calculateur (CNL ou CEL), de technologie digitale, assure les

fonctions suivantes
*calcul du NI ou EPR limite 'a partir des param'atres do vol (altitude - prescion, manch, tempdrature

totale) et des conditions de prdl'evements d'air, pour les diffdrents modes. Pour cel'a, le calculataur'I poss'ade en mdmoire las diffdrentes courbes d'EGT linite sous forme de polyn8mes, ainsi que les valeurs
des tempdratures de cassure;
*calcul de la TAT 'a partir des signaux d6livr~s par la sende avion at compto-tonu des divarsos correc-

tions 'a leur apporter (6talonnage, 4ohauffament pour ddgivrage)
* eaboration dun signal d'erreur entre la valour du Ni ou EPR limite et lea valeurs r6elles Ni Cu EPR

des noteuis pour utilisation par 1e calculateur d'mutomanette.

L'afficheur do Ni ou ER limite (AINL ou AEL), do format 3 x 5 ATI st situ6 cur la partie centrele do la

planche de bord at comprond:
*Un clavier 'a touches lumineases,, cheque touche correspondent 'a un mode do conduite :TO, FLX TO, GA,
MCT, CL, CR. Cheque touche comporto deux parties -, a partie infdrieure afficha on permanence ]'ins-

cription du mode en 1blanc ;la partie sup6rieure est constitu3e par un voyant qui s'dclaire qttand le
mode correspondent a 6t6 choisi at est correctemontt pris on coapte Oans 1e calcul (voyant vert pour

tous los modes smuT pour le FLX TO oih ii est abre). Il y a Pgalcmcnt une touche de test.

*Un ensemble daffichage do Ni ou EPR limito, cimpos6J do quatra affichuurs lumineux donnant le. valour

du paran'atra linite calcul6. La darnier afficheur correspond La 0,1 % RPMI Ni ou 0,001 EPR.

*Un ensemble d'affichage de la TAT, compost (le deax afficheurs lumineux du adme type quo le pr~c,'dvent

ainsi qu'un afficheur suppidmentairo pour le sigi -', qui indique la temp~raturo tutale TAT en ,rovonan-

cc de la sonde avion via 1e calculateur. Le dernier afficheur correspond 'a 10C.
*Un clavier do roues codeuses permettant dafficher nanuellement la temperature fictive utilao;,' pour

le ddcollage 'a poussdo adaptb,_ 'a partir des donndas do la fichue do torrain, c.,mme cola a 6t -~xpliqu6
prdc~demment -

En compl6nent mu systbme eutonatique do, calcul duA T. ou EPR limite, ho c~uplage avoc lu zystt~me auto-

manette a 6t6 r~aliseJ cur l'A300. A I ourigino, 1Lautumanottu a 6t6 conquo pior le mudo 'N Prt D", coest-a-

dire po)ur l'obtention ct le maiintion d'une vitloase avicoi donndo, essentiollcnt-nt Fn ciir opendantA

les phases dattonte at d'approchoc. Par la suite, cunopto-to nu do pussibilit's du celculate2ur alautfiranottL

ot des iinformati~jn.u utilisablac dopuis le calculateu- du NI ou ER limite, illcouplag, citrt lo dcux cal-

c'Ilatours a oerriu do d~velipper un nouveau -%,du acptlC modc "bl" ,u 'ERM. Quand cclul-ci ect 'utihlis,

hlaut,-marn:tte enur VaouorviosOeet du Ni ac dc l1EPR rj 1 des muteuro, avvc in, Ni u~ i'EPR !_,nit, . A:L:si,

_P oyst,-me lout C2nette a pric do l'imprtacc pui~qu'il uct utiio Oit on -".&do ;i' cu "Et'R", it on

mn d, ".3PEED' dano t.ootes 1L, priascu de vVl caf ha dk sconto. P_ r n~~o -u.1nlr~io qlO-

ar, t sur uxn coal serv'P-_teur, cizaque r.actujir 'tact "a'-E-n) ldu.oL nt a, ,, i doI ,-K Lxcmnayajos.
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Puur terminer ce paragraphe our les calculateurs, nous parlerons bri~ovement des tests du calculateur
NI (EPR) jirnite. D'une part, i2. possflde une autosurveillance permanente qui est particuli~rement ais~2e
grdce Li ia technologie digitale ; ainsi 97 % des circuits sont autotest~s. Dee adme, l'autosurveillance
cuuvre divers 6i6meints extdrieurs :rdg~mes et EPR des moteurs, donn~e3 en provenance de la centrale anomu-
m~trique, circuits dlinterface, liaison digitale calculateur - afficheur, etc... Les ddfauts ainsi ddtec-
t~s aunt indiqu~s our ia face avant de l'afficheur et envoy~s sur le message digital vera lea utili-ateurs.

Par ailleurs, le bouton poussoir de test situ6 cur la face avant de l'afficheur Nl/EPR limite permet d'ef-
fectuer des tests cumpl~mentaire dont lea rdsultats sent transmis Vera lea fengtres Nl/EPR lisite et TAT

la prdsence de six "8" muntre Ir bon fouctioninement de l'ansernbie, d'autres configurations d'afficha.ges
permettent de lucaliser en grande partie lorigine de le panne :ADC, sonde TAT, ANL/AEL, liaisons, etc ...

La figure 3 dunne on. sch~ma r6capituiatif soamaire de l'ensernble des syst'emes ddcrits, aclidma quli
correspond so nreteur CFS-50. N1 DRIVES THE LIMIT BUGS

LIMIT COMMANDE LES INDEX

ALTITUDE MACH 7 1040 60w 0 40 6,0

_:C 11ALTITUDE MACH - .;P 0 ;

TATNIII-~ A

VAVS0 ) '- %arm -

L)w
NACELLE ANTI-ICE POSITIONm

2X BLEED VALVE POSITIONS TAT
BLEED VALVES ANE 'Ni MODE

ANTI-GIVRAGE REACTEUR z aFXT EPC

ANTI-GIVRAGE DE VOILURE ddTEST ~FLX TO TIMP,

VANNE D'INTERCOMMUNICATION T

VANNES PRELEVEMENT D'AIR +[H

ENGINE 1: 1 Ni
MOTEUR 1NI LIMIT - ACTUAL Ni

ENGINE 2 Ni SIGNAL D'ERREUR MD

MO T EU R 2 Ni LIMITE - NI REEL AUTOTHROTTLE

THROTTLES MODE VITESSE
MANETTES DES GAZ

FIGURE

jCF6-50 -SCHEMA D'ENSEMBLE DU SYSTEME I LI14ITE

Pour terminer ce ciuapitre consacr6 ii 1 'A 500, iius parleouri do 1 'utilication des syat~aca de cunduite

moteura que nous venona de voir, laquelle peut so d~composer en trois mudu,
mode manuel
soda autumatique s, ns automanette
mode automatique avec automanette.

10) Le mode mranuel oct cuiui qui eat le meoL utilicO ;i1 cunctituu le aecours do calculatcur do puc-
s6e unim2te en cas de panne do celui-ci. Dana ce cas, le pilot(-, lit cur lea cuurbes do cunduito doinncs dans
ie manuel de vol la valeur du Nl i u EPR iimite, en fonctior, du m-do do conduite, do ia TAT, do latitdo ut
de is vites.,e avion. Ii peut effectuer Jlea currections duos aux pr~l,.vemonts d'air ot utilisor is m~th~du do_
is temperature fictive pour ies ddcullages h pouss~e ada-,.' . Ayanit ddterminO6 ia valour du param~tro himitc,
1c pilite affiche cettv valcur cur less index des ind-,catears Il ou EPR commae coih a Lt6 indiqu6 prdcdumimen~t
puis poucco lea manettoc do gaz jusqu'l is coincidence des vaieurs rdellas avec ivc vaicura unLites. Lts on-
dicationa digitalea permettect d'obtecir is prdciamon requisc.

20) Le nude autumatiquo cans aut,manettc pormet so pilioto d'r'viter is partie calcul ket affichage du pa-
rcs~tre unimte, laquelie eat prise en cumpte par ie _aicututuur 0I;/EPR l~iolroque le mridu a Ctl' oll.Ict(
cur Is touche curreapondante. En l'abcence do 6 lucti n, l'almentation lectrique 6tant Otablie, le type du
moteur pour lequel lea courbos do cunduitu aunt s~moris~es dana le calculateur oat indiquC cians 1r, for~tru
li/FPR limitte.

30) La mode aut~rnatmque avoc autonariette permet dalgeauaxcolstn upiv A 1 s avoi
361ect6 le mode do c -ndui te, puma le mode "NIl" ou "EPE" cur le pannuau aut~mr.,iktto, loengagemont du syst,' -,
assure on fonctmoccamect entitroment autunatique, pour lo 1uol le pilote n's pluc qu'a vt'rmfme r lo, bun fonc-I tionnenont ao moyor, cle toos lea afficliages d,',L mg'aa En ceo do PL, d',r L moc quel.> o~que, l1'auto-

1.pioto, 3 'lect-ra de rt~oc lo_ msod- "SPEED" sum, lui, ssuirers 1- 7mai!,titj, acotom-atiqau do la y o~
' avion.. Daco C"~ cas. le param,,trt lmramte 0 t o o o i o u3r -'mciro dan a is cle d'ssorvr,, ocnet>t r t

Satt ou calci. .itqeotdccaOe a m~rpu otmo occd at~t p~o
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3 - EVOLUTIONS ENVISAGEES POUR L'AIRBUS A 310

L'A 310 qui est une version l4g~rement raccourcie de 11A 300, doit effectuer son premier vol au d4-
but de l'annde 1982. Ii sera 4quipD cosine l'A 300 de deux families de moteurs

- famille JT9D (-7R4C) de PRATT & WHITNEY
- Camille CF6-8O (Al) de GENERAL ELECTRIC.

Ces deux moteurs sent tr~s voisins do ceux instalids actuellement sur l'A 300, au niveau de pouss~e pr~s.
De plus, uls b6n~ficient do diffdrentes amdliorations techniques 6tududes par leur fabricant, et en par-
ticulaer un syst~me de rdgulation plus 6iebor4 que lactuol par l'introduction do l'dlectronique sur le
moteur lui-mgme. Clest l'intdgration h l'avion de ces nouveaux syst~mes que 1'AEROSPATIALE 6tudie actual-
laent en liaison 6tro3te avec GE et avec PWA, afin do proposer une option conduite moteurs amdlior4e eux
compagnies a~riennes. Le prdsent chapitre sera donc bas4 sur 1 '6tat de ld4tude tel qu'il est connu mc-
tuel~ement, en juillet 1979. Nous noun intdresserons 6uccessivemont aux points suivants :problbmes pos~s
par le systbme actuol de 11A 300, solutions propos.-es par lea motoristes, adaptation de ces solutions *ii

systbme avion, procddures d'utilisation qui en ddcoulent, avantages quo l'on peut attendre de telles 4vo-
lutions.

Lo systbmo do conduite tel qu'il est ddfini actuellenaent pour los motours GE ou PWA instailds sur
i'AIRBUS A 300, am~ne quolquos petits problbmes, lesquels sont pratiquement compensds, du point de vue
op6rationnel, par le couplage rdnlisd ontre le celculateur do pouss~e et 1Jeutomanette.

Le premier de cos problkoes rdsulte du risque do d~pessomont des limitations moteurs (rdgimes, tea-
p6raturo EGT) qui accompegne les mouvements intompestifa des manettes des gaz, en particulier dans la zone
des pleines poussdes :ddcollage ot remise des gaz. Co risque oat particulibrement important lors do l'af-
fichage du NI ou do l'EPR en mode mernuol. En effot, is valour limito du parambtro de conduite ooit 8tre
attointo rapidewont do fagon h assurer l'obtention do la poussdo ndcessaire 1e plus t~t possible pendani
la phase do ddcollae ou do romise des gaL ; cotte manoeuvre menuollo raptde est difficilemont compatible
aec 1e fait qu'il Lout prondre des pr~cautions pour 4viter tout ddpassemont do la valeur limite. Noun no
citerons quo pouir mdraoire 10 positionnomont accidental des manettes do gas h la plouno butdo avant, dont
los consdquencos son+ d'autent plus importantos que la tomp~raturo ambiante est faible. Ces risquos exis-
tent donc avec un~e pro,.ddure manuelle. Is existont aussi, main avec uno probabilit4 beaucoup plus faible
on mode automatiquo pur certains ems do panno du systbmo calculaeur do poussdo - eutomaetto.

Le douxi-me problbmo rencontr6 dens la conduite des moteurs do l'A 300 est le phdnombne d'6volutions
transitoiros du param~tre do conduito durant la phase do d6collage. Ii ost dOa, dune part h la variation
dos joux entre rotorc et stators du moteur lor do ia misc en tempdreturo do coini-ci, et d'autro part h
i'offct de la vitesse do i'avion sur la thermodynamique interno du rdacteur. Ces doux offots provoquont
gdndraiement, h partir du moment oit le manetto do gas eat fixp, uno chute assoz sensible du Ni ou do 1'EPR
durant une minute onviron, suivio d'une lonte roaontdo vera la valour initialo. Cotto chute du paramotre
do conduito donc do la poussdo, doit 6tre priso on compto dens ia d6finition do in conduito per une majore-
t~on suffisante de ce pamainhtre par rapport h la valour th6orique, d'oii une r~duction do la merge d'ECT
par rapport h ce quoelle pourrait 8tre en l'absonce do con ph6nombnes.

En plus do cetta r6duction do la merge EGT, los rdguiations des moteurs sont telies quo 1e ddcoiiage
n accompagne toujours dune pointe plus ou momns prononc~e do cotte temp6raturo. Ii en rdsulte une acc6l6-
ration do llunure du rioteur,

Enfin, 10 dernier probibme qu'ontremno la rdgulation hydroadoanique est sensible d.. point do vue
opdrationnel ;ii slagit do in variation do in position manotte don gaz pour un r6gi.:,e N1 ou un EPR donn6
on fonction do la tompdmaturo embianto. Cotto variation qui pout 6tre do l'ordre do 300 TLA pour ie motour
GE -st schdaatis6e par in figure 4 pour 1e noteur PWA. Il on rdsulte une variation tr~s granda, solon la
temp6rature, de in sensibilit4 do in maetto dens la plege r6game raetnti - rdgimo maximum d6collago. Do
plus, le fait quo l'anglo TLA no soit pas, diroctement dons in boucle do rdgulation du param~tre do con-
duite, compte-tenu des jeux et dos tol6rances sum len r~glaes do Ina commando ine'caniquo des gas, ontralne
do idgemo doalages ontre les doux manettes sur un s~me evion. Ces diffdronts problkaes relatifs h ia
anettc des gas doivont Otro pris en compto par le piloto lorsqulil ensure uno conduite manuolle. Ils ont

6galement 6t6 consid6r6s your in d6finition du cysterne dlautomarietto.

COLD DAY HOT DAY
JOUR FROMD JOUR CHAUID

EPR

DECOLLAGE

THROTTLE LEVER POSITION
POSITION MANETTE DES GAZ

:(IILT'> :YtJ.CJ I )UjT)D -4_ 1_JIT iLf' 1J : E i'2
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Remarque

Comme nous l'avons d63h indiqu6, les critiques ainsi faites au syst'ame tel qu'il existe sur A 300
sont tr'as att~nu~es du fait de la prdsence de l'automanette utilisde en mode N1 ou EPR ;elles re-
prendraiant leur importance pour un avion ne comportant pas ce perfectionnement.

Afin de pallier ces inconvdnients, les deux motoristes GE et PWJI ont propos6, pour lea nouveaux mo-
teurs devant 4quiper 11A 310, une amdlioration importante par l'adjonction d'un rdgulateur 6lectronique.
install6 2ur le moteur lui-m~me, qui agit sur le r~gulateur hydromdcanique. Bien qua lea d6fini,ions pr4-
sentda4 'a l'origine par GE et par PWA sojant ldg'arement diff6rentes, nous nous baserons sur un, ddfini-
tion pratiquemant commune vers laquelle lea daux: motoristes devraient tendre 'a la demande de :.avionneur.

Le r6gulateur 4lectronique qua nous ddsignarons par le symbole EC eat un calculateur d-gital, ins-
taild sur le carter de soufflante du moteur, qul regoit des signaux an provenance du rdacteur at de l'avion
rdgime NI ou EPR, pression at temp6rature 'a la face d'antrda du motaur, position manatte da gaz, nombra de
mach, altitude-prassion, mode de conduita at signaux: associds. La figure 5 montre le schdma du systbma de
rdgulation du JT9D.

BURNE FUE FLO

N2 PRESSURE DEBI CARBURANT

AMBIENT PRESSURE HYDROMECHANICAL
PRESSION AMBIANTE CONTROL

POWER LEVER REGULATEUR
LEVIER DES GAZ HYDROMECANIQUE

FIEURE 3

SYSIENIE DE RMULATION BLECTRONIQUE DU JT9D

L,- HM1C fonctionne toujours en rdgulation du rdgirne N2 par dosage carburant. 1-e EC envoic deux sortes
de signaux. D'une part, il agit sur un motaur-couple ajout6 au rdgulatour hydroadoanique, qui modifie les
lois do rdgulation 'a 1'int6rieur d'une plage dlautorit6 physiquor,,ent liaitde. La reprdsentation de l'inter-
action EC/1UNC sous Jla forme de la poussdo en fonction de l1ang10 manetto au poste eat donnd figure 6 pour
le JT9D. On volt quo la position "pleine poussde avant" do la aretto donna la poussde ndcossaire au ddccl-
lage sans ddpassement, grtce 'a llaction du EC. D'autre part, le rdgulateur 6lectronique envoie vers le sys-
t'are avion los valeurs qu'il convient de connaltre povr assurer l'affichage et llubtention du paraamtre do
conduite.

Le EC, qui. ponob de sa propre alimentation 6lectriqoe pai un alternaeur spdcial, assure son auto-
surveillanceet fournit los sijnaux do panne correspondents, 'a la fois pour los systbues avion et pour le
11NC qui, automatiquoriont, fixe 1e signal provenant du EC 'a sa derni~re valcur avant la panne. L'action u1-
tdriouro du pilote, qui n'a pas 'a tre irmaddiate du fait do la prdsence do la logique dont nous vo-nons do
parlor, est de d~c~ninecter le E.C. afi de rodonner s0 oleino aLtrit6 'a la r~gulation hydroadoanique, et
do surviller 1e moteur ,i:-a-vic deo limites.

La pr~senco du r,'gulateur 6iectronique assure une neilleure protection du motour durant los transi-
toiro o-t cnntre los mance~vres intompestives do mauttes. 11 amllicro la sensibiimt do la manette des
-az puisque le ralonti ot la pleine pouss~e 3ont Thtenus pour des positions fixes situ'es aux doux oxtrftios
do la course du levier, cQunme cola est montr6 figure 7. Nuus rev.Londrcns ult "Ieuroent sur los avantage6
apportds par -e nouveau syst,-me.
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DECOLLAGE
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POSITION MANETTE DES GAZ
FIGURE 6

JT9D - INTE~RACTION REGULATION~S ELECTRONIQUE/RYDRORECANIQUE

HYDROMECHANICAL CONTROL ELECTRONIC CONTROL
REGULATION HYDROMECANIOUE REGULATION ELECTRONIQUE

COLD DAY HOT DAY
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DECOLLAGE
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DECOLLAGE
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Fous allons maintenant examiner lea rdpercussions sur l'avion de la pr~sence de cette nouvelle rdgu-
lation moteur. Le systbme de contfile de pouss~e de 11A 310 comprond les 616ments principaux suivants

- un rdgulateur de pouss6e TC
- un afficheur de poussde TRP
- deux r~gulateur 6lectroniques EC, pour moteur 1 et moteur 2
- deux r~gulateurs hydromecaniques 1840, pour moteur 1 et moteur 2
- deux indicateurs Ni ou EPR, pour mcieuz 1 et moteur 2.

j Les critbres de base considdrds pour l'int~gratiox aviin sont les suivants
Le r~gulateur hydrom~canique assure toujours la rdgulation principale.

*Le r~gulateur 6iectronique est utilis6 pour la conduite motour (calcul du param~tre limite) pour tous
los modes.I
*Pour le mode ddcollage h poussdo maximale, les manettes des gaz sont amendes manuellement ou automati-
quement jusqu'h la butde pleine poussde avant.
Pour le mode ddcollage h pousade adaptde, les manettes des gaz sont amendes manuellement ou automatique-I
ment h la position donnant la valour ndcossaire du param~tre limite ; cette position est en retrait par
rapport 4 la but6e.

*Les deux modes maximum d~collage et remise des gaz sont confondus du fait de la prise en compte par le
EC de l'altitude pression, de la temprature et du nombre de mach.
Le EC agit sur les lois contenues dana le HM4O, a l'intdriour d'ie plage d'autoritd limitde.

*Le but do l'avionneur est d'aboutir ha des dd±'initions tr'os voisines pour los deux farrilles Ce moteux GEet PWA.I
La figure 8 donne le sch~ma do l'ensemble du syst'eme avion. - A1C2

r~il M- ELECTRICAL

MECHANICAL

1M

9 ~ ~ ~ ~ ~ ~ ~ ~ ~ P POITON DEIDCTERERO iRE

# I
A 30 SYTE4E E FXULAIO DRPO SSE AEC R~fULTETR LECROIQ E N O
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Le fonctionnernent g6ndral du systkme ezt le suivant. Selon le mode de conduite sdJlect6 sur le TRP, le
rdguiateur 6iectr nique caicule et transmet pour affichago ia valeur du param~tre limite ; la poussde est
obtenue par ddpiacemen marnei ou automatique de la manette des gaz de fagon it egaler !'indication de comn-
mande (Nil de commande, ou EPP de commando) avec la valeur iimite. Comme nous llavons dd~ja indiqu4, le ma-
ximum d~cciiage est obteriu avec la manette en butde, les autres modes par des positions icitermddiaires minis
restant chacune ai'intdrieur dune piage tr~s rdduite. Les rv'gulateu-. eieu(;ronique puis hydromdcanxque
referment la boucle d'asservissement en 4gaiant le parambtre rdei du moteur au paramttre de commande et rar
cons~quent au parambtre limite. La sch6matizoation de la boucie de r-,guiation entre le TCC, le TLA et l~e 20
au r'oyen du 11' ou EF5 de comrmando et du I oo 1BPR limate, est pr6dnentde figure 9.

LEPR OR NI COMMAND T M

EPR OR NI LIMIT VER HMVC

FIGURE 9

A 310 -REGULATION AUTODIATIQUE DE LA POSITION DE LA MNIE'TTE DES GAZ

L'~nchatnement des op6ratiLons ha ei'feotuer par le pilote pour on ddcoiiage ha poussde adaptde par exom-
pie, en mode automatique, cot dono le suivant (cf. figure 8)
10) Boutomi poussoir de misc en service du EC sor 3a position "ON" (posiLtion normaie)
20) "ThAX TO" sdioct6 sur ia tooche corrospondante du TSP
30) Teiprature fictive choisie affich6e sur le TRP
40) Node Ni ou EPR sdiect6 sur le panneau automanette
50) Encienchement de i'autornntte
60) Entre 60 ot 80 kts de vitesse avion, v~rification qi e NI ou EPR rdo. =I 00 EPR cermmande I o SF5

li-mite.
Cette procdo:1 ost voisine minis pius simpie poui -es autres modes de conduite.

Dans 1'Lventuaiitd doune panne do 3 'on des deux rdgu.atoors eiectroniqups, un voyant lomiLneux "FAULT"
A s'dciairo our is TSP, aiarme qui est in 6grte dens on boutao- poossoir servant 'a la misc en Ou hors fonc-

tionnement de.s deux EC., La position "Or 1 0 de co booton puasssotr permet au piiote, sor one panne d 'on rdgu-
4 iatcur 6ioctronique, do d6connocter part 1 lemeat los deux rdgoiateurs en ce qoi. concerne iour action our

ieo rdgulateurs hydrcmdcaniques, ceci afin do cui,. ver ia sym~trie des dcux meteoars et do continuer La
4 utiliser i'autoioaoette. Dens cc can, ie EC ne s'dtant pab .Veiar6 en panne assure ie calcui do Ni 00 SF5

liiaite. et Vautomanette asservit ie N1 ou i'EPR rdei our co Ni ou. P !imite.
X Pour rdsuiner ioc diffdrenteo configurations opdrationneiies poovant o ordsentor en mode 141 00 EPS,

noun dresserons le tabieau soivant
a) Ponctionnoment norali sans panne

- Te TSiP affiche ia pius grande des deux vaeours do peramT~tre do condui to voa. en deux SC, a condi-
tion quo di dcart entre coo dewi: vaicurs soit inf6rieur 'a one liite donnee.

- Les ranettes sont asservies par compareison entre I ou EPR do commando et I 00 EPR iifiite.
b) Panne do on EC

- Le TRP affiche is ;aieor du parambire iiLmi ue venant do EC en bon fonotionnoment.
- L~es iizn-ttes sornt assor/ices par comparaison entre NI ou SF5 rdei des mteors et NI 00 SF5 jimite.

oc) Panne do TSP
- Le TSP affiche on drc-alo d ' sarmu.
- Les manottes sont nmiarocoooiimoiit ' a i position dunnant ie paranttre liritu iu our ion coorbos

do nanuei df vol,
d) P'anne do W2C

- Le TSP aff-cho ia pius grande dos deux vai-urs du risramttru de conduite comme en fonctienremont normal.
- Los man ttes sont amoncos manuuilement 'a ia pooit.Lun doniosut ie parazittre 1-1mite afficr9 nor ie TSP.

.s-s.qg.aierons brli vc mcnt is prise,-u c. cmn syst~mu do, jestiun do vui (Flight Management System), qoi
T'ormoUt d' pttr'-or ie vi sur cortain.a ur-t~res particuitors, pav exonpie cunsonmati-n carborant mintama,

le cI vi ianma, etc. .. Quaod c, cyotbino uct ~ofno rl-ort es index p~riphdriqoes des indica-
teur-s hi -u EPS sont ,ororeand, 2 s noi pioc; Per ion .-ijnaix du pararil tre un~ite, main par, ien signaux en, prove-
nanco du caiciatoour do, gostz,.. do, vil qoe ilo, zappfoliv Ii but ju 12IR bot. Lc paite manoeiiement 00 ie TCC
aunatr-oooment am~rro 1-L uanotteo do jao ) ia pooiti-1:r d-o:.srt i'Cgeaijoatai doLi d Q do SF5 de o--mmaodc
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Les avantages qu'apportent l~e r6Gulateur 6iectronique at son intdgration h l'avion tela qu'elle a
6b6 6tudide peuvent 8tre consid6rds de trois points de vue:
*les avantages concernant Ise fonctionnoent du moteur proprement dit,
les avantages obtanus pour la ddfinition du syst'eme avion,
lea avantages op6rationnils.

Concernant l~e rdacteur CA-80, ile nouveau systbme apporte one rdduction des risques de ddpassements
des limitations puisque lae position eanette en but~e avant est la position ncz'-sale du maximum d~cohilage.
Ii. pormet d'6iliminer lea transitoires do 16giine N1 durant ila phase de ddcollage ; en effet, l~e rdgulateur
4iectronique, disposant des signeux da tamp6rature e4- pression entr~e motaur ainsi qua du machi, peut as-
surer ile maintien du r6gime exactersant h ae valeur ddterminda. 11. en rdsuilte una diminution de i.'importan-
ca de la pointe d'EOT qui survient au cours du ddcoillege et par cons~quent on gain sur ile merge d'EGT. GE
a astim4 qu'i. paut ainsi gegner 8'v' sur cetta merge EGT, valeur qu'i. treduit en on gain de 17C0 haurps
sur ia durde de fonct7- nement du motaur.

La rdacteur JT9I) bdndficie des mgmes avantages qua ceux qua nous venons d'indiquer pour ile rdacteur
GE. En -,ompi16ment, ile rdgulataur 6lactronique pout assurar par ile prise en compta directe da 1lEOT, une
surveillance de cette darni'are, at dono une meilleuro protection vis-'e-vis de ile limitation corrfaspondanta.

Du point de vue de ile ddfinition du cyst ma avion, ile prdsenca du EC permet da simplifier partialle-
mosit -Lo celculataur de pousede TCC, du fait qe. ile calcal do perembtre de conduite act assur4 pour tous
la modes per la EC. La mice en oauvre du syst'ame deacquisition at dlenragistremant des parae'atres de l'a-
vion act emdliorde, 6tent don quo ile r66ulateur electronique fourn.it ur. certain nombre de param'etras
rdecteur cur one sor~io digitale ARINC 429. nfin, la prdsarnce de deox EC pour I.'avion assure one radon-
Anca meilleura qua ca quielae nlest ac'uelliement cur A 300 :en cas da penne d'un EC, ile EC restant on

fonctiomement celcuile at permat d'eff'ichar le perem~tra de conduite. Per ailleurs, ile rdgulataur dilectro-
nique eppcrte un evantege suppildmenteire pour ile moteur PWA en ce qui concerna ile chaine de masura de
i.'EPR. En effet, i.instailiation actuelle du JT9D cur l'A 300 comrrend pour Thaque mctaur, deux capteurs de
pressions (PT2 at PT'?), doux trenseetteurs do prescionc, at un boitier 6lectronique d'dboretion de i.'EPR
pour ),ivoi dt, signal vers lindicetour eu poste de pilotage i le prdconce du EC soppr-ime tous cec 6ldeents
du fa' t qua ile rdgulataur lui-mgme fournit di.rcctement en sortie d.agitaile ile prescion PT2, ise prescs on PT?,
at l~e rapport EPR.

Opdrationnalilamant, l~e nouveau syctbme apporto queilquas evantagas qui sont aurtout senwibles en mode
manuel :obtention de ile pouss6e pour ile maximum ddcoiliaga at ile remise dec gaz on positionnant lea me-
nettos an butdc sans prdoccupations do riequec do ddpeecements, rdgilage plus eis6 gracea ae prdeence do
!,indicetion suppi~enteire EPR ou 141 do commando. La EC permet 4gelement d'amdi-toror ile sens~biilit6 do
le sianetta, Ise piaege coepl~te do ddbettament 6tent toujours utilise eantre I- rulanti at ile maximum ddcol-
loge queilocs qua solent la conditions ambientec. Cet evantage slaccompagne d'une diminution sensibl~e du
d~calago ontre lea deux manottee. La dorniar evantege opdretio ?I consiste, en cac do penne -ampl~e do un
EC, at apr05 ' connexion per ile piloto des liaisons des daux vec la rdguilataurs hydromdoeniquec, ' ae
poscibiilit6 do rdutiiliser leautomenette ha pertir des anformbtions an provenance du EC 2ostant an bon fonc-
tioinament.

4 - CONCLU.SIONS

a) Jens cot axpos6, noi-3 evons tout deabord eaesr 0 - briL'varnnt lee donndac du problkme gdn6ral do !a
o nduite d~s woteurs d'avions civils. L'ubjcctif' principal 'a atteindc'e oct l'obtention de ile pousede- svoo
un maxi num do prdcicion tout en respectent los merges impos -c vie-s-vie des limitations du rdecteur. Les
autres objectifs ha satiel'aira sent !ae simplicitd d'utilisat.,. at ila r6duotion de ile consomeation spdcsfi-

* quo at des colts do maintenance.
Cos objvctifs sont atteints eu ecyan do diff'drents systbmes qui pouvant 8tre manuals (commandc m4-

canique des gaz, rdgulation hydromt~canique, courbes de condus to) ou automatiques (calculatour do pnusseo
limite, autumanette at couplogo des doux).

-4b) Noeus avins anou-it, pr 'sent la constitution, ile fonotioznorent at lVutilisatio)n des zyetames so-
tuellument instllO' sur I'ARBUS A 300, qa'il suit 6quip6 de r6acteure GE CFn-50 so, PWA JT9D , commando
de.3 gaz, s'gulateur lhydrondoanique, instrosentat.on prinoi.palo,, courbc-s de condoite, calcolateur do N1 ii1-
m'ite so LPR hitcaIloolateur d'autosmanette. On aboutit ainsi ha trois modes d'utilisation :manuell, auto-
7istique cans 'utisanottt, autumatique avec eutomanotto, los doux d-orniers seulemen, ourrespondant La des

conf gortscn imalos.
c) La 16fjritiun des oyst~rmo do !'A 30'0 tant aoqoiso, rnooe avons 6num~r6 lee diffdrents probl',mes

p~s~s par osux-ci qui sunt li~o assentielomant au prinoipo marco do ise rdguletion hydromdceniqoe, lequel-
nV11 tient pas corcptu des variatins de onditiuns abiantps. Cee probl -mas sont lee suivants risques

du dztpa.zr'mnts3 intv.m:potiN, ph6nsanes transitoires dorant ile docollae, variations importentec do ile
s3ensibilit6 manetta tntrainant des dtc~lage8 ontro lee manettes d'un a,&mea avion ou d'un avion La lautro.

C~nnaissarit cps imprfections de ls rdgu'stis. hydrom~oaniqoo, nous avons pr~tsent6 las oolut2.uns
prupos'a-o par lee moturiztas (adjonction d'un r~gulatuur 'lectronique- affinant, dens cei'taines limites, lee

' lois de r6gu- . ions bagiqooc do I 'hydrom6cainque) at laurs r6percussions gur lae dfinition do l'uvi~n A 31U.
Pur cola, nue nous commas basds cur deox principsux cr-iteroo :ile regulatour 6lactronique do, moteur asoure
ie calou) de' touc las modes 0. conidoite (NI/SPR lismite) , les dVcollagos 'i puuss,,e i.maxirialo s.nt efl'ectu~s
avoc lee nanttes en but'ia avant.

Leo avantagos3 appcrtds par on to' syst,'nre c'Lnoornant lae piot- tin)- du soteur lui-mdme, ile d~fin-,toni
do syst~me avi-,n et l'uti-,satiLcn par l~e pilote.

d) En conclusion, noos pe'isons quo -e syst ma do typo install,' soc A 3CO .atisfait plosnemenlt la ,jec-
tif, reolierch.5o et pormet one otilisatirn (. p,' ratiunnoll aisdo, los iriperfeti -- s -,nh~rentes 'a 00 genre de
r- aia- Qn etant ;),rcielierit conapon-o oar ila ddfinitior. dao ys,:mo av-,on Les am lsrations apportdes

~arl'strootonde l-oc3ns u o lee mstelrs de 2 'A 310 assourant one milleora prutortiolr do moteur.
faooslitent id t (,t do lavo anr, s .'aprtent pas d'avantar'as substantiels di pco-nt de vue rton
nei par r %tr. z~ oy,'te avoc qo COSut~manoett- en solod ezntiaI'002t atsaqse
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DISCUSSION

M.J.Joby, UK
Figure 8 shows engine control on, (ECI) receiving inputs from ADC. Would system integrity be increased if the
inputs from ADC2 were also available to ECI, or is this provided in practice?

Authoi's Reply
In Figure 8, the TCC compares data from both ADCI and 2, aid then, in normal operation, the data from ADCI are
sent as primary information to ECI and EC2.

In case of failure of ADCI the TCC selects ADC2 and sends these datas to ECI and EC2

In case of failure of TCC, AbCI is ielated to ECt, and ADC2 to EC2.

R.P.Wanger. US
You have shown the future anticipated development of the throttle controls and the engine controls. Do you also
anticipate future development requirement for the ARINC 429 data bus?

Author's Reply
For the next 10 years, we think that we can stay with the present ARINC 429 data bus, especially taking into
account the definition of the "high speed" bus and eventually the "very high speed" bus.

If there are requirements for future development or improvements of ARINC 429 data bus, AEROSPATIALE will
anticipate that.

J.Dunham, UK
In a future system, do you believe thrust rating control should be assigned to the autothrottle or to the engine
control computer?

Author's Reply
Understanding that thrust rating control means N I /EPR ratings computations, the author's opinion is that these
computations )uld remain on the aircraft side.

The main reason is that the aircraft manufaurer has to be sure of good correlations between power management
curves and engine performances. lie has to guarantee the Airlines the total aircraft performances including aero-
dynamics anJ thrust.

D.M.Griffiths, UK
Two parameters were described for achievement of thrust management, NL and pressure ratio Pressure ratio is
more complex to implement, in your experience do the results justify this complexity?

Author's Reply
LPR is 'If (.ourse more complex to handle, our prehminar experience wmth A300 shipped with PWA engines shows
thac the final results are the sam- as with N I.

thrust correlation approximately same results
react.on time on power setting EPR slower
overshoot effect dunng take-ff less with EPR
lapse rate effect dunng take-off: more with EPR.
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J.F.O.Evans, UK
(1) Incorrect thrust control during critical flight regimes is undesirable. How does the author believe that airlines

and aircrew will obtain confidence in such thrust control systems?

(2) If we are relying on a supervisory approach for safety is the permissible thrust loss greater than the maximum
required trim?

Author's Reply
(1) In case of failure of electronic control during take-off for instance, fail fixed logic existing within the elect-

ronic control ensures automatically that HMC remains on last correct power lever position

No immediate action from pilot is required.

(2) No see Figure 6 of the paper.

D.Stanley, UK
What percentage increase in engine life is anticipated with the use of the A3 10 system of engine control, and what
future improvement is to be expected on Future '1' and Future '2'? Will the engine manufacturer give a guarantee?

Author's Reply
(1) Use of electronic control for A3 10 engines decreased EGT peak on take-off within a range of 3 to 5°C, and

increases engine life on wing by 600 hours or more. (General Electric Information). For future engines,
additional increase of life time is expected.

(2) The electronic control is a basic part of the engine, therefore the guarantee the engine manufacturer gives
includes electronic control.

J.M.Legg, UK
How is the Turbine Entry Temperature controlled with the A3 10 supervisory engine control 9

Author's Reply
The supervisory engine control is defined for constant EGT ratings and EGT peak protection.

In addition, for the PWA JT9D engine, the EGT is directly taken into account in the control loop.

kL
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CONTROL OF ALTERNATIVE ENGINES BY MICROCOMPUTER SYSTEMS

by

C. Casci, F. M. Montevecchi, B. Abbiati

C. N. P. M. National Research Center for Energetics and Propulsion
Milan, Italy

ABSTRACT

The paper will present aims and results of the research work carried out in the field of fuel system control In in-
ternal combustion engines.

Three cars - FIAT 127, FORD Fiesta and ALFA ROMEO Alfasud - have been provided with a microcomputer to
control mixture ratio by means of floating chamber pressure regulation in the carburetor.

A complex feedback control loop adjusts pressure level depending upon exhaust gases oxigen contents.

Experimental testing of the device evidentlated the dependence of control system time delay upon rpm along with sen-
sitivity to manifold geometry, sensor positioning, and related engine design details. Implemented control has taken
Into account rpm in relation with the forecast map of specific engine. Tests have been carried on both at constant rev.
speed ad in ECE 15 emission test. Engine design parameters and sensor location showed a strong influence on con-
trol s, stem performance.

Results evidentiated inherert limitations in control loop efficiency related to the use of exhaust sensors.,
The closed loop approxch looks potentially capable of controlling automative engines in the demanding future operatio-
nal requisites. Progress is depeadent upon improvement in air-fuel mixing techniques and in combustion sensors.

INTRODUCTION

In the last years the use of microcomputer systems to control automative engines spread in the R & D area in or-
der to cope with the demand of more stringent emission standards and - in more recent times - of more efficient fuel
consumption (1), ( 2), ( 3), (4).

The National Research Council - C. N. I. - of Italy, having sponsored a large research program in Ernergy Sa-
vings ( 5 ), supported In the last three years the research work whose results are being in part communicated here in.
Partecipants have been the C. N. P. M. - National Research Center for Energetics and Propulsion - of Milan and the
Dell'Orto Carburator Company of Seregno, Italy. Aim of the research program was to demonstrate the possibility of
microcomputer based control systems for control of c-rburetor engines in closed loop configuration. By the way the
research was also intended to investigate collateral problems in the sensors and in the carburetor and engine design
areas.

This pre4entation will deal with a brief summary of current trends in Alternative Engine Control and a more de-
tailed description of tests carried on and experimental results.

The car system design problem has met the technological innovation of LSI electronic components. As a conse-
quen 'e in the system multilevel design several level objectives have been deeply modified because of the innovation
that vts to be considered. A large variety of options could also be introduced with a very low additional - cost/option
- obj ctre cost ratio. Being still in a very massiva evolutionary phase car system design solutions have not yet met a
comn only agreed definition in several details. Yet design objectives at high system design level ire quite clear and
stront ly demand for innovation applications, among which chiefly:
- lower fuel consumption,
- lower emission,
- good driveability,
- high reliability,
- high safety standards.

The present development status shows both incertitude in subsystem choice and in optimizing criteria.

As far as alternative engines are concerned, assuming that on - chip microprogrammable circuits and/or the ra-
pidly growing variety of specialised or derived devices will provide the technical answer, the engine controller sub-
system is faced by at least two rather distinct development trends, letting apart the problem of option integration.
The first one is to build up the system as a diagnostic and controlling device, the second one is to provide only a clo-

sed loop regulation. In the first case a heavy processing task and a sophisticated software are envisaged - and a lar-
ger set of options can be integrated by the way. In the second case the interaction net within the system design is cut
smaller and both limitations and advantages can be forecast.

Our research work was intended to operate in the latter area that is to pruvide a fuel system by driving a rather
c,'ude carburetor by means of i microcomputer based control s3 stem provided with a regulation closed loop.
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The actuation was performed by evaluating a pressure set point output by the system to the carburetor float chamber
- Pressure Control Unit PCU -

MICROCOMPUTER CONTROLLED FUEL SYSTEM

A Dell'Orto carburetor model FRDA 32 F modified as shown in Fig. 1, was chosen for application of controlled
vacuum in the float chamber. Ordinarly the top of carb chamber communicates with the air duct pressure is therefore
equal to the one immediatly after air filtur - ( 6), ( 7), ( 8) - and - depending upon losses - lower than ambient.
By means of connecting carburetor float chamber to a device capable od setting a desired pressure value It is possi-
ble to control air/fuel ratio. This kind of approach was selected because of its inherent simplicity and easy applicabi-
lity to preexistent carb models; In addition Dell'Orto Company had already worked in the area looking at vacuum level
variations in carburetor chamber as a mean of copying with altitude modifications in operational environment. Further-
more, this device configuration does not need mechanical actuators in the carb such as needles, varying orifices or
others. Contemporary control of several carburetors in multicarburetor fuel systems, a case frequent in Europe, Is
also allowed by using a single controlled pressure signal to regulate air/fuel ratio. Fig. 2 shows the geaeral arrange-
ment of the controlled engine.

In order to provide a CO feedback signal a conventional CO Bosch tester had been used In the preliminary stages.
The response time 7 . 10 s allowed only steady operation control. A Zirconia Oxygen Sensor from Bosch was there-
fore routinely adopted to run the control loop. The response time of Zirconia sensor varies depending upon the tempe-
rature and flow rate of exhaust gases ( 9 ); in most cases a time in the 30 to 300 ms band can be expected. For these
values of response time, a 'ather good transient behaviour for the control system could be anticipated if several de-
lays were not present due to the effect o .,her engine components. In our case we met the following delays
Electronic delays
a) Analog digital conversion and data acnc isition deky - 100us -

b) Computational time to compare actual and desired value - 200,/us -
c) Computational time to calculate the pressure value to be set - 7 -! 30 ms -
The abovementioned values are depending upon the hardware adopted and upon the software implemented; more sophi-
sticated hardware better matched with softvaie requisites could diminish the total electronic delay till to 1 !- 2 ins.

Actuation delays.
A typical response is shown in Fig. 3. The total delay for an intervention through the pressure band limits is about
100 ins. Because of the chocken operation of the electrovalves lower figures are to be expected for smaller interven-
tions; In normal operation 60 ins. is a rather indicative figure.

Carburetor delays.
At 4000 rpm for a step pressure variation in the chamber about 15 ms. are needed to vary fuel flow - ( 11), ( 12 ) -

Inlet duct delays.
As it has been already evidentiated ( 11 ) wall adhesion and spray or film wall - effects in ducts between carburetor
and inlet pots slow down fuel flow transients; delay time va'ues a'e strongly affected by several geometrical and
thermofluidodynamic factors in Inlet duct configuration. Time delay figures stay above 0. 2 -! 0. 3 s even in the most
favourable conditions.

Combustion chamber and exhaust port delays.
Slow temperature variadons in combustion chamber and in outlet valve ducts affect ,he exhaust gls chemlcl ctmposi-
tion. Rapid engine rpm transients are therefore followed by ilow theimic transients whose time delays occur In seconds.

Zin3onia Oxigen Sensor delays.
As previously discussed vary between 30 and 300 ms.

Table 1 shows delays values as a function of our actual developmc:tt level and Improved versions; the figures at
the ideal level correspond to the rather optimistic assumption of being able to adop;t a sensor to diagnosticate lean or
rich combustion by means of knock detection (12), (13). Even in this case a total oelay time for the regulating system
cannot be lower than 1 s, chiefly due to delays in the inlet duct. This time value is too high to provide for closed loop
regulation in rapid engine transients, especially for engines with mechanical gear - shift. Since Zincanla Oxigen sen-
sors or similar exhaust ga sensors depend on thermic transients in combustion chamber and exhliust system it looks
like they will never be able to cope with rapid engine transients.

COMPARATIVE TESTS IN THREE PRODUCTION SMALL SIZE CARS

Comparative tests have been run fitting three cars with the PCU tontrol system. Cars were Alfasud from ALFA
ROMEO, FORD Fiesta 1. 3 and FIAT 127 , I50 cm3. Preliminary tests webe intended to define the sampling Interval
-Lt - to be adopted by the PCU in order to allow a. stable regulation loop. It was supposed that, at low rpm, delays n
the inlet ducts had to be longei' and therefore relations between &t and rpm \%as investigated. Plots in Fig. 4, 5 and 6
show relations betl, een /t and rpm.i-Pv values to be set in the carb chamber to obtain steady state stoichiometric air /
fuel ratio is also shown. As it can be easily observed peculiar trends are typical for each car tested as a consequence
of differences in design of manifold duct.
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The distance of the oxigen sensor from the outlet ports was also different and certainly affected the results 49 -.
58 cm. for Alfasud; 35 cm. for FORD Fiesta and 30 cm. tbr FIAT 127. While a shorter distance in FIAT 127 could
favour lesser t values it is not probable that it did affect the reverse trend that & t values show in FIAT 127 tests as

compared to other cars. The inlet ducts in FIAT 127 are integrated into the engine head in an arrangement quite diffe-
rent from the other cars considered. Thermic conditions and fuel - wall interactions are likely to be quite influenced
by the design configuration and we consider these experimental data as supporting the ipothesis of a strong sensitivity
of the control system in the whole towards manifold duct design. It could be guessed that a higher inlet duct tempera-
ture in FIAT 127 at low rpm evaporates almost totally the wall - adhering fuel; at higher rpm the turbolence effect is
the main factor for air - fuel mixing and it is shared by the three cars observed giving, by the way, very similarA t
values at high rpm.

Other peculiar phenomena were also evidentiated, in the FORD Fieta at very low engine rpm the PCU control
system was sensitive to drops of fuel from the main jet that could not clooe perfectly at low rpm. The short inlet ducts
in Fiesta were not able to filter the fuel flow noise determined by the drops while the other car were not sensitive.

RESULTS OF EMISSION TESTS

Constant rpm tests gave very repetitive results. Fig. 7 shows CO and C02 values versus the pressure regulated

in the carburetor floating chamber, ECE 15 emission test have been carried out at .ifferent temperature conditions
for the engine. A cold cycle is run at initial lubricating oil temperature in the 20 . 3,' - C range. A warm cycle is
run at initial oil temperature in the 50-t 55 C range.

Several factors influence the overall results. The most affecting parameter is the sernor temperature. Since Zin-
conia Oxigen Sensors give reliable measurements only at temperatures above 380 t- 400 " C ,ests in which the sensor
was not in proper temperature range - partially or totally - gave poor results.

Modifications to better the system performance were therefore introduced chiefly : exhaust pines were thermally

insulated to stabilize higher temperatures, the electric r',diator fan air flow was diverted in order i.ot to cool the ex-
haust pipes, sensor positioning was modiefled to stay more protected.

Typical results are shown in Fig. 8 were CO C02 and HC concentrations are plotted. Peaks in the CO ioncentra-
tion are still evident in acceleration regions though largerly inferior to the ones occured without taking care to ther-
mal conditions.

In general the system is capable to control CO concentration within acceptable limits in 5 t 6 seconds HC emis -

sions are fairly good; it must noticed that high peaks occuring in decelerations are present in almost all fuel systems
and cannot be eliminated unless the fuel flow is almost totally stopped; in this case yet other inconveniences occur -
too lean mixtures, misfirings -.

Numerical values for CO C02 and HC concentrations are shown in Table 2 for an ECE 15 test on ALFA ROMEO

Alfasud car. The results are equal to the ones obtained with very sophisticated traditional carburators. :1
'These results suggest that

- performance of the control system is capable to outperform traditional carburetors provided further improvements

are implemented, f

- in the long term the repeatibility of results due to the closed loop control still now gives an edge to the system
tested over traditional carburetors.

FUTURE DEVELOPMENTS

A series of considerations can be drown in the areas of.
- Improvements applicable to the system.

( - Inherent limits of the system tested.

Improvements under evaluation consider throttle position signal and rpm derivative as possible signals to be used
to better control acceleration and deceleration transients. Even with rough analysis a simple map of engine behaviour
in fast transients and at low rpm is likely t, better actual performances. If in this area further improvements were to
be looked after, the importance ot the engine performance map could overcome the closed loop regulation philosophy.
At present we do not feel this step necessary particularly if shortcomings of this approach are going to be kept in con-
sideration.

A limited mapping anyway is needed for cold starting, fast rpm variations and possibly low rpm operating regions.
T[his mapping does not seem to need selfadjusting diagnostic procedures.

Engine design needs several modifications to better match the control system, chiefly in the areas
- inlet duct,
- carburetor,
- exhaust system.
Combustion sensors based on the krnock detection principle or others promise further improvements for the closed
loop systems and appear thc most promising.
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CONCLUSIONS

The research work carried out in the control of carburators by means of electronic systems has shown the capa-
bility of at least equalling the best traditional carburator performances.

The closed loop philosophy of the control system appear potentially capable of coping with desired performances
without necessity of sophisticated engine performance mapping.

Improvements in sensors to diagnosticate combustion and/or combinations of actual sensors promise a solid futu-
re for the closed loop regulation. These systems will never overcome transient time delay in the manifold inlet duct,
as a conseqaence the response time of the regulation will hardly be less than 0. 6 . 0. 8 s. Only major advances in fuel
air mixing techniques culd substantially improve closed loop system response time.
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DELAIS msec PRESENT IMPROVED IJEAL

VERSION

ELECTRONICS 30 1 1

ACTUATION 60 30 20

CARBURETOR 15 10 10

INLET DUCTS 500 300 150

COMBUSTION CHAMBER
& EXHAUST SYSTEM 2500 ?KNOCK DETECTOR?

?10?
OXIGEN SENSOR 210

Table 1 - Control closed loop subsystem delays in milliseconds.

Car Alfasud

Weight 1200 kg

Fly wheel 910 kg

Carburetor FRDA 32 F

Temperature 22 -C

Relative humidity 57 %

start 56 ^C
Oil temperature end 86 -C

Analized volume 1950 1

Emissions:

HC 2.37 g = 360 ppm

CO 36.12 g = 1.69 %

CO 2  416.3 g = 12.4 %

Table 2 - Chassis dynamometer ECE-15 emission test.
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Fig. 2 - Carburetor Closed Loop Control System.
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Fig. 8 - Warm ECE 15 test results on Alfaromeo Alfasud fitted with PCU.
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DISCUSSION

R.De Hoff, US
(1) What type of signal compensation was used to form the actuator commands from the oxygen sensor signals?

(2) Do you think that mo-_'e complex sensor compensation/regulation forms can improve emission performance
during transients?

Author's Reply
(1) Oxygen sensor signal is looked at as a lean or rich signal - two state - obviously at low temperatures the signal

is excluded. The regulation aim is to cross the stoichiometric ratio by means of an increase in correction as
long as control is staying in one side. A limit in the AP variation rate is provided.

(2) Yes. The transient operation is very often characterised by low temperatures in the sensor - a limited mapping
of the engine which takes into account rpm variation rate and throttle positioning is actually implemented. We
consider anyway that for the specific system developed, more sophistication, if desirable, must not impair the
simplicity and the large applicability which has been obtained.

Let me point out that for three stock cars the same computer board with only an on-board dip switch
adapation is capable of satisfying ECE 15 emission requirements.

4,
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A UNIFIED DIGITAL APPROACH TO THE CONTROL OF A DIVERSE RANGE OF ENGINES

M J Joby R D Powell
Digital Projects Manager Systems Engineering Manager

Lucas Aerospace Limited

Engine Management Division
Shaftmoor Lane

Birmingham B28 8SW
England

SUMMARY

The object of the paper is to review the trends in gas turbine engine control systems and to show
the work that is underway to meet future demands.

The emphasis is on digital systems, and because of this the point is immediately apparent that

there is a definable pattern between diverse applications. Thus there is a degree of commonality in both
the hardware aod software for controls for helicopters, civil transport engines, industrial gas turbines and
at the top of the complexity spectrum the control for advanced Military power plant.

The theme of the paper concerns this generality, and its achievement with examples from different

applications. From the results of this present work some ideas are then put forward on the next stage and
the problems and opportunities that are likely to be met.

INTRODUCTION

Engine control systems currently in production are in the main either hydromechanical with some

limited authority analogue trimming device, or full authority analogue controls. In the first category are
controls on such engines as the Rolls Royce Spey and RB.211, while those with full-authority dual lane
electronics include the Olympus 593 and the RB. 199. In the helicupter, industrial and marine field the
same pattern emerges, though here the approach is to have some form of simple hydromechanical
reversionary control instead of dual lane electronics.

In general the control system for each application civil, industrial, helicopter, military is

different, and there is very little commonality of haidware. Obviously there is a different emphasis on
the requirements, and special problems in each area. Thus the helicopter has rotor governing with its
complex response requirements, the industrial control has sequencing and a larger display requirement,
the civil engine has thrust rating and the requirement for good efficiency and long life; the military engine
has hiqher complexity with reheat and some variable geometry. Similarly the fuel flow requirements
from the simple APU to the full Concorde type system are different and so different pumping, interface
and distribution systems are necessary.

CONTROL CONFIGURATION

A set of alternati ces for a main engine gas turbine control system is shown in block form on
Figure 1. The lower part of te diagram shows that irrespective of the inal system there are elements
which are common to all. Thus in simplified terms there is a pump package whuch comprises a backing
pump, main pump, relief valve, sometimes an integral filter, and perhaps a speed probe. or an alternator
to drive the control electronics.

The next package consists of a main throttle or variable metering orifice (VMO) to control the

fuel flow with a pressure drop mechanism operating a spill valve to spill excess fuel back to pump inlet.
This VMO can be operated directly or by a servo. It is this item which can take on a variety of forms:
hydromechanical, pneumatic, electronic or selective combinations.

From tie main throttle valve flow passes to the shut off valve and hence to the sprayer distribution

system. In certain cases separate overspeed or overtemperature limiter s are provided either operating on
the shut -off valve or through some seoarate spillin9 device.

All the elements in the main fuel line are functions of engine size since they ate dependent upon
fuel flow. The control or computer elements - whether hydromechanical or electronic are independent of

the flow metering and are a function only of the engine input signals, pilots lever and trie control algorithms
i.e. acceleration, deceleration range governing etc.

4.

4,
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N11 nvoromecn uSMl wi aeDgt
ntrol -A- W rson Control

Digital J Digital Dig tal Digital

IHydromech. Hydmomech.

SCange Over Cangp Over

Pump Metering Shut-off Distribution
PumpValve Valve

tSpill Valve 1

FIG. 1. Alternative Control Configuration

The alternat. - foi ms which this Control can take, and which are being considered in various

applications are: -

(a) Full hydromechanial

(b) Full hydrornechanical with a supervisory electronic trim

(c) Full electronic with a chanCeover in case of failure to a hydromechanical back up.

(d) Full electronic with a changeover in case of failure to a further electronic unit.

At no point are systems being considered at the moment with only one lane of electronics without
manual back up. Similarly there are no systems being considered - as with avionic and fly by wire
systems - which are triplicated.

The supervisory control (b) is being considered for civil aircraft and can be looked upon as a

halfway house, towards the full electronic systerms. Systems (c) and (d) both proiide dual redundancy,
1'ut the first uses a mechanical back up. The degree and complexity of the back up system depends upon

the application, the mission requirements, the number of engines and the complexity of thc control problem.
One approach is to use the minimum amount of hardware and in the limit the control could consist of a
pilot operated tap with perhaps some altitude compensation.

The real choice depends upon a detailed study for each application showing the advantages in terms

of weights, cost of ownership, complexity, reliability and auove all integrity targets. The reasons for the
range of options are partially a measure of the faith which the operator ha- in the integrity and reliability
of the electronics. With a hydromechanical control there are millions of hours flight experience to back
up any prediction; with a (agital system this experience is lacking.

Furthe" and perhaps more importantly, service returns on hydromechanical units show that less

than 5% - 10 of all confirmed defects result in flame out or engine shut down. In general the type of
faults occurring with hydromechancal units are mainly as a result of some wear which occurs at a slow
rate, The early results of this wear are changes in calibration, perhaps hysteresis. Because the process is
gradual it can be sensed by its effect on the engine and the chances of any degradation in control causing
engine damage are slight.

With electronic controls this is not so, and except in special cases there is no equivalent
"graceful degradation". Thus either the electronic control must be 10 times -nore reliable than the
equivalent hydromechanical unit (to achieve the same in flight shut down) or dual redundancy must be used.

Hence the range of options. Considering however, the digital control unit in the d' fferent

configui ations, it can be shown that these are remarkably similar.
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DIGITAL CONTROLLER

Structure
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FIG.re2e Dgital Coto Stutr

inputi _n t co Buffer and tz tei dolT

o iaae trdor Fa lt a np l ator T

Highwy

output

"cstmi -d to C itsnlapiainb en fseiinput ndotuts an tespecifi prora

FIG. 2 Digital Control Structure

In simple terms the role of the digital controller in the above apphcations is to take in a set of
input signalsto convert them into digital form and to condition them viz filtering and isolationw to process

them according to processor predefinec-t program instructions and to output the results in the manner
required. The methods used to input and output the data are standard for any application. The system is
icustomised" to is final apphlcation by means of specific inputs and outputs and te specific proram

instructions.

A simplified diagram of a typical microprocessor control is shown on Figure 2. On the left hand

side are the inputs and on the right hand side the outputs. The central portion of the diagram shows the

processor withi its interface to the inl- t/output highway and its connection to the memory. The memory

highway is a high speed parallel bidirectional highway but because of the reduced throughput the 1/0

highway may be serial (cabling requirements can thus be reduced from over 19 wires to 8 or less).

The memory consists of two areas: one, programmable read only memory for the control

program and read only memory for storage of temporary results. A specific area of the PROM is
usually dedicated to constants, datums, gains whichcater for some future cnange with minimum

disruption to the memory.

Attached to the processor is a crystal controlled clock which provides a reference timing or

frequency source and is divided down to provide reference signals for speed measuring circuits and the

sample rate interrupt.

Tl, other item is the power module. Standardisation is possible here since it is required to

take in standard aircraft power supplies and produce regulated voltages, typically 5v, ± 15v and 28v
to power the circuits within the unit. In applications to date, the use of a dedicated generator has

presented little problem, since these have been supplied with their own rectifier /regulator units

producing a nominal 28v dc.

4f
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Input - Output Signals

The structure above has been discussed without reference to application and it can be seen the
hardware composition can be the same for say a supervisory trimming control or a helicopter or a dry
engine single lane control. The amount of store will depend on the application but even here store is
available in blocks and in general store requirements are similar. Hence a module containing the
processor, the store and clock, would have a common use.

Consider now the input requirements for the different applications. Figure 3 shows the
parameters required for five current development programmes.

FIG. 3 Input Requirements

SPEEO(NH) _______________

SPEED (NL,NPT) __

TEMPERATURE (TI)+forNfl
TEMPERATURE (JPT) + ~'41Optical Pyromneter
PRESSURE (P1) _ _

PRESSURE (P3) -- _ /  
- Power Control

PRESSURE RATIO (EPA) . ' Nozzle Control

PILOTS LEVER (PLA)Z
THROTTLE POSITION ~ 1or Blood
DISCRETES________

By having modules for each input and each output a standard "pack of cards" can be created from
which a selection can be made for any application. The cards will then interface to the processor and
store modules above.

Self Monitoring and Testing

It has been a general experience that as aircraft have become more scphisticated, and the numbers
of electronic systems installed have multiplied, so the ratio between maintenance and flying hours has
increased. This trend has been particularly marked in engine control systems, where in recent years we
have seen the introduction of complex electronic systems into the most demanding environment on the
aircraft, and into the area of responsibility of maintenance personnel whose experience is predominantly
mechanical. When these factors are applied to systems with somewhat limited test facilities, the result is
a predictably high removal rate and a lot of unnecessary maintenance actions.

Digital systems offer the best solution to these problems, in that it is relatively easy to provide
effective built-in-test equipment (BITE) with minimal additional hardware. A number of engine control
systems will be discussed in the following pages, and all of them have BITE capability based upon the use of
the control computer. The only real variation between the systems lies in the hardware approach tc
checking that the computer system is functional.

Given that the control computer is fully operational within the system, then it can be used to check
out other components within the control loop. The input signal conditioning circuits are amenable to
credibility checks, of which three are particularly easy to apply, namely:-

(a) The input signal is measured and compared with predetermined limiting values

(b) Input signals are sampled at fixed intervals so that the difference between successive
values can be compared each sample period with stored maximum rate of change values.

(c) The computer may carry a model of the engine and fuel control.

Outputs from the electronic controller are most readily checked by feedback techniques. Typical
examples are listed below:-

(a) Electrically actuated position servo - postion signal fed back to suitable input
channel. The actuator loop can then be exercised during giound check.

(b) Torque motor drive - torque motor current signa! fed back to input channel,
allowing direct input/output comparison.
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(c) Discrete output - additional output switch driven from same source is fed back to

discrete input channel.

Power supplies within a control system are regulated, and can be monitored using one or more
analogue to digital converter input channels. The measured power supply voltages are compared with
preset numbers stored in the computer memory.

These tests provide an excellent basis for detecting faults both within the electronic control

unit and within each control loop. They all depend however on effective computer monitoring, which
is based upon hardware and software checks. Software checks are of three main types:-

(a) Instruction check - the computer executes a program designed to exercise

the full range of instructions used by the control. The known result of this
computation is checked by comparison with a stored word in the computer memory.

(b) ROM sumcheck - the control program and its associated constants and
tables are stored in fixed read - only memory. If the computer adds up
all the numbers in the ROM a known invariant answer should result.

(c) RAM check - the scratch pad memory is checked by a program, writing l's
and 0's to each location in turn.

Hardware checking is frequently carried out by usinc, a watchdog timer. Normal computer
operations are timed by means of a crystal controlled clock. Operation of the watchdog timer is shown
in the simplified timing diagram of Fig. 4. The sample rate clock interrupt occurs at fixed intervals.
At a preset time after the SRC interrupt, the Watchdog timer generates a window of known short duration,
during which time the computer must output to it a safety word, which has been computed using the

software checking procedures outlined above. This safety word is compared with a hard-wired number
built into the watchdog timer, and unless the computer has produced the correct result at the right time,
then the monitoring device inhibits the action of the controller in a suitable fashion. The timer is usually
combined with another device, the fault integrator, to prevent excessive interruption of normal contz ol.
The fault integrator counts sample periods with and without faults, and if the ratio of bad to good cycles

exceeds a preset number then it either latches the control into a freeze mode or shuts it down, depending
upon th, system and plant safety requirements.

If the computer responds correctly to the watchdog timer, then the contrul cycle continues as

shown in Fig. 4. Firstly the output values computed in the previous sample period ,re sent out to the
various actuators and output peripherals, then new input values are read in, checked, -ind used in the
control and safety calculations. The cycle then repeats itself.

The monitored digital computer is thus capable of providing comprehensive built-in test facilities
in a system with the addition of minimum hardware. If fault codes are allocated to each checking
procedure during software design, then the computer can be used to locate and log in a dedicated
non-volatile memory any faults that have occurred during a period of operation. It then becomes
standard procedure to read out the fault codes if any malfunction is suspected, and also at regular
maintenance periods.

SAMPLE RATE
CLOCK I I

WATCHDOG _j] n-1 i- .
TIMER

CONTROL ACTION 0 CONTOL 1 CONTROL

FIG.4 em Timi iagram
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SOFTWARE

Increasing Prtity Interrupt -

Base Level Lavel 3 Level2 Level 1 Level 0

ij/Output Vaidaton Detecin Control Safety

FIG. 5 Hierarchy Chart

Experience on different applications with a range of microprocessors (Intersil IM6 100, Texas
SBP 9900, Ferranti FlOOL, Motorola 6802), has shown the need for softwdre standards which have to be
rigorously applied. The standards refer to documentation, traceability and change control. The best
approach has been to follow the equivalent hardware principles.

Software is designed on a hierarchical, modular basis. The total software task is decomposed
into a number of functionally free-standing software

BLOCK MNEMONIC AND PARAMITLUS modules ranging from those at the highest level
SYMBOL

defining system strategy, such as interrupt handlers,

1) M Subtract SUB SUB to the basic arithmetic and logical ouilding blocks.
z/p.±. nu, 1t zFig. 5 shows a typical software hierarchy chart which

O. np "t 2 is drawn up at the beginning of the design process.
I/P2 *:_. Output It will be noticed the actual 'control' part of th7-

1B 2 Adder ADD ADD hierarchy is only one part ard that safety, data
validitation, ground test interrupt structure are as

/P lnpt 1 2 relevant - and these are common across a number
:/ + > output of applications.

B 3 Multiplier MU rI tp UL' Because control enqineei s have been trained on

Multiphier simulation with analogue type control diagrams weI/P O/P Input

I Output have developed our own control language which is
.... _ - -independent of the computer and its associated

1 'ulti 1/O 1 MOMULT MOM LT assembly language. It is based on our Simulation

Miuultiplier language developed in 1969 (Ref. 3) and has a lumber
M ultiplier Input I of definable functional blocks (viz adders,

I /P - -o/p integrators, lead/lag networks, logic) See Fig. 6.
I I/n . __-* [ O/Pn Inpiat n The control engineer I describes I his system from his

ooo control diagram with the appropriate blocks, lists
i nput I

them and passes them through a diagnostic and check

computer program. The pain of 'debugging' thousands
output n of assembly programme statements has therefore

been eliminated. This process is applied to each
B 5 Divider DiV Divider DIV block in the hierarchy chart.
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Input
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" B 7 Varxa h, Vun2DtionP testing, reliance on key pe rsonnel avoided, visibihtv

Input and use of standard proven modules.
2D /P w o

" ~Adi , of x',, .

Output

FIG. 6 Software Modules
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APPLICATIONS

Objective

The object in the next section is to show how the widely different applications and requirements
outlined in the early part of the paper can still be met with the generalised hardware and software
describei under the digital controller. The emphasis will be on some of the special features of each
system and not on the basic digital hardware and software.

HELICOPTER

The helicopter control has to be low cost yet have high integrity and still meet the sophisticated
transient requirements of rotor- governing. The system presently under development for the US Army
ATDE programme consists of two engine mounted units.

(1) A fuel metering package containing backing pump, filter and main fuel pump,
fuel metering valving, for both automatic and manual control modes, and an
Inlet Guide Vane actuator, together with a dedicated alternator.

(2) A single lane, full authority digital electronic controller providing compressor
and free-turbine speed governing, proper control of engine transients and
transmission torque management.

The control uses the "Slave Datum Principle" shown in elementary form on Fig. 7.

Nil [ ENGINE wf

PROPORTIONJAL [SSTEMJ
GOVERN0R

.COMPENSATION

AFI7Nso
N10 SchIduleSi

NNI W au

N dolt CamCp. :)A CI~lJGCOTO

Nl - Sme FuFl
N max c elt intert

• 6 I N
T6 max Ioy ,

Sdo" FIG. 7

N dot CONTROL CWNTIINA SCIEfWAG CONTRL

400- ifrn Fuel Flowa- 400- Same Fuel Flow I
Same Aceleratin Rate nitialDifferent Aclrto

Same Surge Maryin itinr Different Surge Margin
30 on each Acce!eition - 300. -- on each Acceeration-

200 - 200.... .

First
10 - - t - Reacceleration 100.- . .

Second!I

0 70 80 90 100 0 6 80

Percent Compressor Speed FIG. 8

The datum for the proportional governor, instead of being simply the required engine speed, is a
".'lave Datum" derived from the integrating b-anch of the control.

Governing and limiting functions are achieved by generating error signals for the relevant engine
parameters (e.g. shaft speed(s), turbine temperature, transmission torque etc. ) and comparing them

on a lowest wins basis. The least positive, or most negative, error passes via a limiter to the integrator,
the output from which is the slave datum for the proportional governor. The presence of this integrator
ensures accurate, truly isochronous governing.
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Acceleration and deceleration control is achieved by limiting the positive and negative extent of
the input to the integrator. The resulting control is closed loop on dN/dt ("N-dot") and operates in the
proportional mode.

The high closed-loop content of the control, which also extends into the starting regime, leads to
a simplified fuel metering requirement. The resulting control performance is relatively independent of
fuel metering calibration, permitting the use of a very simple interface and giving a high degree of
insensitivity to wear and the effects of fuel contamination.

Other features of this control configuration include: its reliance, predominantly, on shaft speed
which may be measured accurately with high reliability and low cost, as the contro. parameter; the use of
reset mode power turbine governing, found to be advantageous in helicopter applications; the ability to
handle multiple governing and limiting requirements with a minimum of complexity and without any
"take-over" problems.

Of interest is the acceleration control and its effect on "Wave off's" or reslams ( A wave off is
the manoeuvre where an engine having stabilised at high power is suddenly decelerated and then
immediately reaccelerated). A series of such manoeuvres is shown on Fig. 8. The N-dot control provides
just sufficient fuel to maintain the scheduled acceleration rate. Hence, during wave-off conditions, the
overfuelling is substantially reduced to maintain the same scheduled acceleration. This reduction in
overfuelling eliminates the high temperature and lower surge margin frequently experienced with more
traditional flow -scheduling controls.

Rotor governing and the matching of the starboard and port engine presents special problems. The

dynamic characteristics of a typical rotor system is complex and recovery by one engine after failure of
the other is an example where rotor governing and gas generator control performance is at a premium.

SUPERVISORY

The Supervisory Control is designed principally for application to large turbofan engines in civil
aircraft. A full function hydromechanical control is fitted to the engine, and the electronic control is
used to provide accurate flat-rating, limiting a.ad built-in-test. Fig. 9 shows the main features of the
control, which consists of two electrically separate sections for the trim and limiting functions, each
having its own power supplies and microcomputer.

The main function of the trim is to control engine EPR, wh.ch is measured by vibrating cylinder
pressure transducers and transmitted to the control via an ARINC 429 serial highway. Air data inputs are
available on a second ARINC 429 highway, and these parameters together with the signals from dedicated

transducers are used in the rating and control calculations.

The limiter control normally drives the fuel control actuator and receives inputs from the engine
(NL and TGT), which are used for limiting, and the trim control output. Thus if the control is
functioning correctly the trim carries out its control calculations and then send. a signal in serial digital
form to the limiter which trims the engine fuel accordingly. Correspondingly the iimzter sends parameters
such as NL and trim position to the trim control. The trim - limiter data links are also connected to
the control unit test port, so that a wide range of tests can be carried out at a second - line maintenance
facility with appropriate test equipment.

TRIM

Akdtv Rating Calculations

EPR, PI
EPR Control fteeze/

10
PLA -- " Ch.--~angeover

NTT S afety Stic

T2 iBite

Liie ,Test Port Atao

Limiter
NL --- " Control o-laie

TGT --- Safety Str eI

Poito Combined Su 'iry. & Limiter Contrl

LIMITER FIG. 9
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Notable features of the trim control are that the rating control calculations are carried out over

four EPR control cycles, safety is based upon a computer/watchdog timer c3mbination as previously

described and the BITE facility includes a fuel system model which is used firstly to minimise control
parameter overshoots when the electronic unit takes over control from the hydromechanical system, and

secondly for fuel system condition monitoring.

The limiter primarily prevents engine NL and TGT from exceeding preset limits. In addition
however it has a non-volatile read/write memory which is used to store fault codes, and a fault display.
When installed on the engine the unit will log up any faults detected during operation, and these may be

read out as numbers on the display at a convenient time. The fault codes are remembered even when the
unit is depowered. This facility is a most powerful maintenance aid which is particularly useful for

locating intermittent faults.

ADVANCED MILITARY

The type of control described here is suitable for a reheated military engine and its future
derivatives, or with the deletion of the reheat lan:e a complex non-reheated engine. Fig. 10 shows the
overall electronic system configuration. The dry engine control comprises two identical lanes, either of

which can be selected by the pilot. A single lane of reheat is provided. The only areas of duplication in
this latter part of the control are the emergency shut down logic and nozzle close and reheat cancel
actuators.

DRY N
S at .RE -Outputs

_ _ LANE - "o/e uts-- 
] I To . ..

I Li 
sria

.. 
HighwmyJJ

FIG, 10 Reheat onfig uration 
FIG 1 Hi ghhI.t.aly..i lor

The Advanced 
Military Control uses standardised 

input/output 
circuitry in coz,:mon with the other

controls 
desc 

ibe d in this paper, 
but has one unusual 

featur0. 
This ic 

the 
high-integi ity com puter w hich

is shown schematically 
in Fig. 11. *his consists, as shown, of two micro processor 

based computers

driven by a common clock. Only the control computer can send commdnd signals to the output drives.

Both receive identical iniormation 
via serial input highways, and execute identical programs. 

Outputs

from both computers 
are compared on a bit-by-bit basis and only if he outputs are identical to this

level can the output drives be enabled. This approach provides essentially 
1: 0 monitoring 

of the control

computer function.

integrator and initialisation logic. I a fault condition is indicated then a typical resp so would be:-

Freeze actuators, 
Initialise Computers, 

Return to normal operation if no further faults o ,-ir. 
If fault

condition persists, the fault integrator will initiate lane change (dry engine) or freeze and . rhut down

(reheat).

is essentially because it has been conceivel from the beginning as a full-authority control with similar

redundancy, 
and must meet stringent integrity targets Generally seaking the requiremets 

ft., dry

engine control are more difficult 
to meet 

in practice. 
For example, 

whereas 
foi a dry engine 

ti

! 
probability 

of a failure leading to reduction or loss of thrust is typically defined as 3 X 10
-6 pe r hour, the

correspondig 
figure far failures leading to reheat extinction is 3 X 10-4 per hour. Clearly this alJc,,s

a different approac 
to configuring 

the reheat controller as noted in Fig. Wabove.

The reheat control has its own dedicated transducers 
for parameters 

not available from the dry

engine control lanes. Inputs already available on the dry engine control are transmtted 
in serial digital

form to the reheat control, thus providing these signals more reliably than a set of simplex dedicated

transducers.•
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Industrial Control

In addition to the usual gas turbine controls for governing, temperature control power control etc.

there are sequence requirements and associated with both a large display requirement.

Sequence controls in this context are defined as "the outputting of signals to equipment in a
pre-determined sequential order according to the condition of associated equipment". The process
therefore involves monitoring the associated plant condition, performing various tiaing and logical

functions and outputting the appropriate commands. In addition it is also necessary to atiplay the current

sequence state and/or the reason why the sequence is stopped or curtailed in the case of a fault condition.

A typical sequence would provide for say: start interlocks, manual start and run up, lubricating

oil pump sequence, fuel puunp start sequence, starter motor control sequ,!nce, synchronising sequence,
loading sequence, shut down sequence.

SVARIABLE
DATUIMS (6)----

LUM ENGINE P3 ENGINE
CONTROL UNIT N

SEQENC E dtr- s e2 uec & Mi CTEM

FROM EIA NTROL UNITELEEN "

TTYTT CONTROL,

FIG.12 Industricl Sequec & Main Control

In general sequence controls are dependent on the application and each with different specifications
Because of the variability the Jigital Modular approach shows advantages. Fig. 11 shows a typical

asrantecea in which one processor is dedicated to the control functions and the other to the sequencing.

This has the advalage that seqence changes can be incorporated without any risk of affcting engine
control performance. The interface between the two processors is via the e/d highway.

THE HYDROM ECHANICAL ELEMENt3

The emphasis so far has been on the electronic aspect of controls but the hydromechanical side
should not be dismisged. Obviously even with the most 'electronic solution' there will be need for
pumps, interfaces, accurate transducers, shut off valves and distribution systems which may Le increased
with additional valvery to cater for phased or sector burning. With the less electronic solution - the
supervisory or manual back up control this need will be increased.

The progress on the hydromechanical elements has been less glamorous but still steady and

purposeful. On fuel pumps steady progress has been made to accept higner temperature fuel (up to 180 C),
to have longer life (above 16000 hours) , to run with greater tolerance with dirty fuel, and to operate with
higher efficiency and so reduced fuel pumping temperature rise. The ability to opOrate with a wider
range of fuels with worse lubricating properties is also being pursued as well as the antmisting kerosene
safety fuels.

ASSESSMENT AND FUTURE APPLICATION

In the first AGARD Power Plant Control Symposium held in 1974 a descript-on -was given of a complex

digital power plant control (Ref. 1) using a powerful mini computer. Since then this unit has flown in the
Concorde and a large number of useful lessons have been learnt. In the section on future application in

the early paper reference was made to the emergence of the micro processor and the, profound effuct tlls
would have on controls. In the present AGARD symposium most of the papers deal with these devices.
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If we consider the first generation digital engine controls as comprising of the mini computer
(say 1969 - 1975) then the second generation must surely be the micro processor (say 1976 - 1985) and
it is of interest to ask whether there will be a third generation and how it wi 1 be different.

The first generation was successful in laying the foundation for the circuits, the software, the
testing and in provin9 the technical feasibility. It was also successful in changing people's attitude to
digital systems and provoking interest. With hindsight, and being critical, it failed In that it never went
into production, so that predictiins on cost, reliability and maintenance costs were never proved.

The second generation has started with a much wider area of application, and with the advantages
of reduced cost and higher reliability components. Every attempt has been to modularise and to reduce
cost. The hydromechanical interfaces and transducers have been more fully researched. The second
generation should be successful with we bope few problems.

To look at the third generation when the second hasn't yet achieved production service may appear
optimistic, but there are two good external pointers to the future. The pointers are the need to conserve
fuel, and the predicted advances in the semi conductor industry with the growth of VLSI (very large scale
integration with 100-20,000 circuits per chip), and perhaps more importantly, the increasing use and
sophistication of the micro processor in the automobile industry.

The latter will result in rcduced cost special purpose chips and a "Control system on a chip"

with multiple redundancy may be possible. The concept of one piece of hardware for any application
becomes more a reality where all possible inputs are arranged for and only the selected number for the
application used.

The software will be equally important with more emphasis on adaptive solutions and less settings,
datums and slopes required. Therc vill be better communication with the pilot or the management
computer, and more attempts made to optimise the control algorithms with perhaps additional engine heaith
functions. The hydromechanical systems will be simpler and the transducers more accurate and reliable.

CONCLUSIONS

The paper has attempted to show how the control industry is getting nearer to the concept of a

general purpose control and how common modules can cover a range of applications both in hardware and
software. In confirming this theme examples from different applications have been shown and some
prediction made for the future.
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DISCUSSION

V.Amoia, It
First of all, thank you for your excellent presentation. I am not asking a question, but just a comment: As far as
reliability is considered, would you please comment on the use of fault tolerant architecture.

Author's Reply
We make extensive use of standard software validation techniques to check input and output signals. Computer
checking includes software sumchecks and instruction check programs.

Hardware checking is particularly based on the use of the computer to monitor the rest of the system, thus special
to purpose hardware is only required to show that the computer is working satisfactorily. The level of this
monitoring depends on an application and particularly on reliability targets. For a system with demonstrably safe
failure modes, as with the use of limited authority, a watchdog timer and fault integrator is quite adequate. For a
full-authority duplicated control, or even a simplex one in the case of reheat, the detection of computer faults
becomes more important still, and is best accomplish.d by using a similar computer operating synchronously with
the control computer. In this case a simple, reliable comparator provides the required failure detection means.

4
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ADVANTAGES OF THE DIGITAL TECHNOLOGY FOR THE REALIZATION OF

ENGINE CONTROL SYSTEMS

G.Dahl H.Drtil

Bodenseewerk Geratetechnik
GmbH

D-7770 Uberlingen

1. INTRODUCTION

Modern eng nes will be controlled by digital control units. Requirements to be met by

the digital technology and the advantages resulting therefrom 'V_11 be pointed out in

this paper.

Most of the fuel control units, generally used nowadays, are hydromechanical ones. They

are especially characterized by their high rigidity and reliability.

However, due to limitations of weight and volume, it is nearly impossible to realize in

this technology complex control laws, The introduction of electronical control units

by which these control functions can be realized was made possible by the operational

amplifiers on an analogue basis. In addition, by this it was possible to increase the

requirements to be met by the engine. The introduction of the digital technology pro-

mises furtner improvements such as shorter engine acceleration, a better and easier

adjustment of the control rules to indiv~dual engines, integrated engine/flight control

and exact realization oi engine characteristics.

2. STATE OF THE ART

Today most engine control units are still developped and produced on a hydromechanical

basis. Often electrcnical units such as the Ni-limit computer of the engine GE-CF6 at the

Airbus are superposed on these control units.

There is, however, already a number of electronical coatrol units - mainly analogically

realized - where the main fuel system is still designed in a hydromechanical way.

Figure 1 shows the principle structure of such a control unit.

It has to:

- carry out a speed control for the high pressure compressor by means of electroni-

cal control of the main fuel system according to throttle position,

- to avoid dangerous modes by limiting rotations, accelerations, and turbine -outlet-

temperatures, and

- to control nozzle area and afterburner fuel flow.

Besides, the concept differs fiom the conventional hydromechanical engine control units

only by the additional N11-limitation.

From this you can see that in the present electronical control units for multiple spool

engines, too, only one spool is controlled. For safety reasons, the electronical basic

engine coiA.rol units are realized in a redundant version( Fig.2) in contrast to the

X hydromechanical ones (the latter include an emergency system).

In case of a system loss of the electronical control unit the engine-shafts will be

monitored by an overspeed governor The overspeed governor is equipped with separate sen-

sors and it limits the fuel supply for the engine.
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3. REQUIREMENTS

The requirements to be met by a digital engine control unit for future gas turbines will

be defined based on the experience made with analog engine control units. Among the re-

quirements specified by the user the aspect of the engine handling is above all of most

importance. For example a fairly linear relationship of the angle of throttle and thrust

as well as a stable engine operation in all ratings and in the whole flight range are

required.

Further requirements are mainly determined by the engine and the aircraft.

For example dangerous engine operating conditions (pumping, overheating) should be avoi-

ded by limitation of relevant engine parameters. The requirements determined by the

engine are already considered to a satisfactory degree in present systems. The require-

ments called for by the user, the aircraft and its equipment will have to be taken into

account much more when developping future engine control units. Especially an inter-

action between engine control and flight guidance system is required. By computing
additional data of flight condition and disturbances (e.g. ,un firing) an optimum engine
handling also during extreme maneuvers as well as an optimum steady engine-state in the

whole flight range should be guaranteed. The safety requirements tc be met by the engine

control unit have an essential influence on the realization requirements with respect

to the technical equipment. The probability of loss required for an engine control unit

should be less than 10-4 per hour. This value can be achieved by a duplex system. Pro-

ceeding the assumption that future aircraft will be equipped with two engines and that it

is possible to fly the aircraft with one controlled engine only, the total probability

of failure is approximately 10-8 per hour.

Other requirements to be met by future engine control units relate to the improvement of

the testability and maintainability and, in addition, the simplification of the complex

ad~ustment of the control unit.

4. ADVANTAGES OF A DIGITAL ENGINE CONTROL UNIT

Based on some examples it is tried to demonstrate the possibilities and advantages of

the digital technics which are ,pecific for the engine control.

4.1 Inceqrated Engine and Flight Control

An appropriate interface is necessary for the interaction between engine control unit

and flight guidance systems. In a digital realization of the engine control unit it is

possible to have a coupling with a future aircraft data bus. By means of this coupling

it is possible to read in data e.g. from Air-Data-Computer or flight control system

as well as to transmit engine data to the engine-life-recorder, flight control system

or display system (Fig.3).

4.2 Realization of functions

The representation of characteristics may be rather complex in an analog system if high

accuracy is required. For the realization of the function of the maximum cruise limitation

line of the fan speed for the CF6-engine (fi.g.4) seven reference points are necessary for

the required accuracy within which a linear interpolation is carried out. The circuit

necessary for the characteristics will be realized on one IC-board.

In a digital engine control unit it is relatively easy to represent functions with high

accuracy. The above mentioned engine characteristic is realized in digital technic in the

Ni-limit-computer of the Airbus A300.
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The complexity of this realization is comparatively small.

There are two possibilities!

a) Two data are to be stored for each reference point. A linear interpolation is

carried out within these points. (Sub-program with 30 statements);

b) the curve is represented by a function of n-th degree. In this example, n = 5

(6 constants, 10 statements).

In general it can be observed that with a minimal supplementary effort any accuracy

may be achieved by the digital solutions. The results of a digital calculation can be

reproduced. The c aracteristics can be adjusted by reprogramming with respect to the

actual engine mode. In cont:ast to this in an analog realization the accuracy can be

lessened e.g. by a temperature dependent drifting.

4.3 Reliability

By means of software procedures it is possible to detect sensor failures and defects

occuring in the hardware of a digital control unit. This effect can be used for the

development of a failure self detecting engine control unit.

4.3.1 Failure-self-detection by Software

It is possible to detect failures in the hardware of the control u,.it, i.e. in the CPU,

memory and interface by means of special built-in test programs. They are processed on-

line in the intervalls available during the computing cycles of the control unit.

For this it is necessary to monitor the failure-self-detection separately ir a super-

visor as the CPU in which the test programs are executed can only detect failures as

long as it is functionally in order (fig. 5).

To realize this, the CPU has to reset at certain intervals a timing circuit designed

as watch-dog-timer in the supervisor; otherwise the supervisor reacts as in the case

of a control unit failure and generates a switching signal.

By supervising the engine control system with a watch-dog-timer and software procedu-

res to test CPU, memory and standard interface it is possible to have a failure-de-

tection rate of 95 percent.

4.3.2 Estimation procedure for the Sensor Monitoring (analytic redundancy)

It is possible to monitor the sensors and the analog input interface by means of esti-

mation procedures for the sensor values. For example to estimate the speed of the high-

pressure compressor of a multiple spool engine it is taken advantage of the fact that

there is a definite correlation between corrected fuel flow and compressor speeds for

a healthy engine (fig.6).

This corrected speed is determined Dy a simple stationary engine model using besides

other parameters the measured fuel flow. In addition, the engine dynamics is simulated

in a simplified way by a variable lag type filter and is taken into account.
A

A monitor/voter is fed by the estimated value NH and the signals transmitted by the

NH sensors. The monitor/voter is able -if necessary- to carry out a majority decision

for the localization and elimination of a failed NH-sensor.
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For the acceleration or deceleration of the engine the estimation error is less

than 1 percent if the engine dynamics is taken into account by a variable lag type

filter. Otherwise estimation errors of approximately 5 percent would occur (fig.7).

In a steady engine state estimation errors should not occur, otherwise they are caused

by design tolerances and aging of the engine. However, it is possible to eliminate

these errors by exactly adapting the control unit to the engine.

The estimation procedure can be used for the localization of a sensor failure. On the

other hand, if both sensor values are within the defined monitor threshold limit and

the software sensor determined by estimation differs considerably from the consoli-

dated measuring value, it is possible to conclude that there is a failure in the analog

output interface, main fuel system, or engine.

Other engine sensors such as speed of low-pressure compressor, temperatures, pressures

:an be determined with NH and NH in an appropriate estimation and calculation pro-

cedure. The monitoring is made in accordance with the procedure previously described

for NH.

To sum up it can be said that it is possible to detect and localize failures in the con-

trol unit including the analog interface as well as in the sensors by means of the soft-

ware procedures described for the failure-self-detection and state estimation. And on

certain conditions it is possible to assume failures being present in the main fuel system

or in the engine. One of the fundamental advantages offered by the procedures described

for the failure-self-detection is seen in the fact that they can also be used for pre-

flight tests or maintenance work. This multiple use of this system internal intelligence

results in an improvement of testability and maintainability of the control unit.

4.4 Adjustment of Control Unit

Various engine characteristics are mapped in the control unit and design tolerances in

the engine affect the control unit quality. Therefore engine.control units have to be

carefully adjusted to the corresponding engine. For a multi-shaft engine for example,

up to 50 values have to be manually adjusted by screws or potentiometers.

In a digital engine control unit the adjustment of the control values to the individual

engine can be made by an engine tebt run on line via d digital optimization computer

which is coupled to the control unit. For this purpose the values concerned are registered

in the optimization computer memory to which the engine control unit has a direct access.

After tansmission of the engine input values to the cptimization computer, an automatic

parameter adaption for the various characteristics can be made via the appropriate

strategies and the characteristics can be reprogrammed. Today this reprogramming is

made by establishing new PROM cards (fig.8) which are then exchanged for the old ones

in tne control unit. Here, on line reprogramming of the control unit emerges by the de-

velopment of electrically erasable memories for micro processors.

5. FEASABILITY

Tests carried out in recent years showed that there are no fundamental problems for the

digital control of a multiple shaft engine.

It has been proved that

- sufficiently exact results can be obtained by a 16-bit fixed point data processor,

- a control unit sampling rate of 25 Hz is sufficient for the speed control and

limit cycles for speed, accelerations and temperatures, and
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- converters with 12 bit resolution can be used for the analog input/outputs.

In addition, it could be shown that today it is already possible to use generally

available micro processors (SBP 9900 of Texas Instruments, Intel 8086) for the engine

control consisting of the tasks basic engine control, af ...... control, engine!

flight control, and monitoring.

Actually, efforts are made in the whole world concerning the development of high ordered

languages (HOL), to be used in cor*-rol unit!. (PEARL in Germany, CORAL 66 - England,

ADA - future standard in the USA .... ). This tiabi.Ls a reduction of the high expendi-

ture made for coling the. programs which is still normal for the assembler programming

and a increased reliability of the software. In addition, the visibility of programs

would be improved. There are still generally accepted procedures to be elaborated for

the specificaton, test, modification and maintenance of the software in order to reduce

costs and assure a higher software reliability.

6. SUMMARY

In the present paper it could be shown that with respect to their capacity future digi-

tal engine control units have essential advantages (integrated engine-flight control,

functions, reliability, adjustment) compared to their hydromechanical and analog electro-

nical predecessors. Digital control units have a higher efficiency but will probably be

of the smne volume than actual control units, as nowadays more than a half of the space

available is needed by the power supply and the analog interface.

A considerable reduction of the interface and its volume will only be possible if the

environment of the digital computer is digitalized as well, that means if sensors are

provided with a digital pick-up, and if a direct digital control of the actuators and

the displays is available.

4
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DISCUSSION

i.M.Collin, Fr
You say that the use of high level program languages involves reliability and cost reducing factors.

Please comment on reliability of compilers and number of codes in comparison with assembler.

D.J.Hawes, Ca
High Level Languages. Could you please give your opinion of the pass-off in terms of software programming time,
traceability, reliability and hardware, between assembly and higher level languages, e.g Pascal.

Author's Reply (to J.M.Collins and D J.Hawes)
We expect that tile need of additional storage is less than 40% for the programme-coding.

But furthermore 1 2 k-words are needed for real time monitoring system and runlime software. The software
reliability will increase on account of higher visibility of 1OL source programs.

E.Roberts, UK
Clarification Is the engine model an on-line model (in the controlling computer) accurate to 1%( during transie',ts?

Author's Reply
The engine model is on-line in the controlling ;oniputer and it is accurate to I ? during transients for test bed runs

N.A.Justice, UK
Correction to statement. Suffiently exact results can be obtained with 8 bit microprocessors as well as 16 bit
microprocessors.

(I) What form of actual hardware do you have?
(2) What type of microprocessot do you use0
(3) Why did you choose that type?

Author's Reply
We have different development projects with different micropiocessors.

(16 bit Texas SBP 9900 and Intel 8086:

8 bit ln., el 8080/85).

We started our investigations with 1,te 8080, the first microprocessor available for flight purposes.

Later on we chose the successor I.tel 8085 and on account of accuracy the% 16 bit Intel 8086.

For military investigation the ')BP 9900 is the only microprocessor witI, MIL-standard.

T.O'Brien, UK
Your paper states that 'or a two-engined aeroplane the total picjability of failure due to malfunction of the central
system is 10 /hr. A-suming that tile failure can be hazardou, or catastrophic this probability is totally unaccept-
able for electronic eagmne control systems in civil aeroplanes The figure would have to be at least two orders better,
i.e. 10'o. Two-cigine failures or a twin-engined aeroplane are considered catastrophic and as engine shut down
rates from all cvases are approximately 10- 4 /hour it can be seen that the proportion allocated to the electronic
control system must b2 much less.

Author's Reply
The mos iclhable control unit is unable to impro,'e the reliability of the engine.

We see a verification of a total probability of failure due to malfunction of 10- /hr only by tripling the systems

R.De 11off, US
d,)es tile parameter adapti ,ty pro ,edtre suggested require multiple calibration runs of the engine during the life

of the engine?

\uthor's Reply
I he alibratkmo xuork diflers from engine to engine, and a parameter adaptaton ul enginc and .ontrol unit for tile
first flight will not be enough
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THE DIGITAL CONTROL SYSTEM AS PART OF AN INTEGRATED

ACCESSORY FIT FOR FUTURE ENGINES

By: M P Perks and T G Morton,
Rolls-Royce Limited, Aero Division,

Leavesden, Hertfordshire, England.

ABSTRACT

The paper suggests that the traditional approach of designing the control system in isolation from the
other accessories on a gas turbine engine may not provide the most cost effective total solution for an en-
gine having a digital control system.

It is considered that the integrity of the digital control can be maintained whilst providing addition-
al functions not associated with its prime control task. This could allow the development of advanced
monitoring systems to minimise life cycle costs and achieve maximum aircraft utilisation.

The application of these principles to helicopter engines it discussed and an arrangement proposed
which could provide substantial benefits both to the helicopter pilot and to the ground crew, Pilot work-
load would be substantially reduced by advising him of engine or aircraft management factors on a "need to
know" basis. Operators would benefit from regular information on the operational status of the engines.

1. INTRODUCTION

Electrical control of gas turbine engines has been an accomplished fact for over 30 years with control
based on digital computers an accepted principle for at least the last 10 of these. Recent demonstrations
of the virtues of full authority electrical control are believed to have provided the necessary stimulus
for such controls now to be seriously considered for futurp gas turbine engines in helicopters world-wide.
The argument as to whether an analogue or a digital based system would best satisfy the requirements of the
particular market is a complex one; it is practically certain however tlat future military engines will be
conceived from the outset as having digital control systems. In the mil-tary field the trend is likely to
be more and more towards treating the engine as a subsystem in the aircraft, with commands transmitted and
reponses received along redundant data highways in the same way as for example, an air data computer.
Digital systems generally are the obvious solution for such aircraft.

This paper does not set out to resolve the analogue versus digital question for the helicopter market

but is intended to highlight the extended capabilities that a digital coitrol can confer on an engine; these
capabilities have obvious benefits in the milita:y field and it is contended that such advantages should be
made use of more generally. In defining the advantagLs, one should start by asking the question "What is
the prime function of the helicopter, and what role does the pilot play in the achievement of this objective?"
It is clear that the aircraft does not exist to transport the powerplant around and that the pilot has other
things to do than look after the engine.

These apparently self evident facts are often overlooked and if taken to their logical conclusion
imply that the engine should be a fit and forget component.

It is interesting to note the differences in approach evident in two recent flight test evaluations
carried out by a leading U.S. aerospace journal, one of the latest fly-by-wire single engined fighter and
the other of a new civil helicopter. The former report hardly mentions the engine at all; the latter con-
tains extensive sections on engine starting, operating limits, gas generator speeds etc. Which approach
ought to be the one for the future?

Being realistic, the fit and forget philosophy implies quite a complex engine monitoring system, since it
is very unlikely that powerplant reliability could in itself be adequate. If it were then no doubt advantage
would be taken to extend life, power etc., and we are back to where we started. Engine health monitoring is
again not a new concept and in fact has been an accepted aspect of the operations of large airlines for many
years. Of necessity customers in the helicopter market have kept these systems as simple as possible in line
with the operational activities of the aircraft. These operational requiremeLcs are becoming increasingly
complex as the capabilities of new helicopters are exploited. Some operators now utilise limited aircraft
management avionic systems to maximise use of the helicopter and reduce the overall cost of ownership, tue

ready acceptance of the value of such avionics indicating surely that the market is ready for an increasing

level of automatic system involvement in the general flight operation of the aircraft.

This paper therefore proposes that digital control should be marketed on a more positive basis such

as "It controls the engine, of course, but it also provides additional capabilities which no modern aircraft
should be without." It is suggested that the approach most likely to prove attractive to potential aircraft
operators is one where there is a significant level of integration of the control with a total engine and
aircraft monitoring system. The overall capabilities of one such integrated arrangement are described in
this paper and the potential operational advantages surveyed.

2. CONTROL SYSTEM DESIGN

Many possible electronic control systems, both analogue and digital, have been described in technical
literature over the last few years, one example being given in reference 1. There is no one "right way" to
control a gas turbine engine, many qu.te different approaches having been adopted to starting schedules,
acceleration laws, temperature limitiun etc: what may be suitable for one engine may be unsuitable for
another, Further, control laws lending themselves readily to a hydromechanical solution may be difficult
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to implement within an electrical system and vice versa.

In this paper we are not concerned so much with engine control per se., more with the form of its
interface with the rest of the aircraft, and in particular with the pilot. It is in the interface areas
where the benefitE of digital control as opposed to analogue can become most readily apparent, and where
the deficiencies of currert hydromechanical arrangements are most marked. There are basically two main
interfaces in any aircraft between the pilot and the engine, that resulting from his direct link(s) with
the engine control system and that associated with engine monitoring i.e. instrumentation. Both the pilot
and the control system currently use essentidlly the same engine data to perform their respective tasks
although additional information may be provided to the pilot for purposes outside the normal scope of the
control system, for example, oil system monitoring.

This being so, it would seem reasonable to suggest that if the digital protagonists are right and there is
computing power to spare, the digital control could undertake some of the engine monitoring functions itself,
thus significantly offloading the pilot. Once this is accepted the whole concept of the man/machine inter-
face may be re-evaluated against a new set of ground rules where, assuming integrity is safeguarded, the
main requirement is to make flying the aircraft easier.

3. MAN/MACHINE INTERFACE

3.1 Use of Interface

Any aircraft would require a number of functions to be performed relating to the operation of its
power plant and associated systems. These functions may be listed as follows:-

(a) Select the engine operating condition required.

(b) Monitor the health of the engine and its control.

(c) Monitor the use of the engine.

(d) Ensure that engine operation is within cleared limits.

(e) Fly the aircraft to within its cleared limits.

(f) Control the engine directly when necessary.

Performance of each of these functions is affected by the form of the man/machine interface. Tradi-
tionally the necessary transfer of information between the pilot and the engine has been achieved by
a mechanical link between the pilot and the control system to transmit demands to the engine for nor-
mal and direct (reversionary) control, and a display of information on engine operating conditions on
standard instruments using electrical signals derived from engine transducers. Fig. 1 illustrates a
typical modern helicopter cockpit.

FIGURE 1 - TYPICAL HELICOPTER COCKPIT

A more appropriate electrical version of the "mechanical reins" to meet functions (a) and (f) is dis-
cussed below. Arguably, (b), (c) and (d) could be performed automatically provided that the configur-
ations of the systems ensures adequate integrity. These tasks fall into the general category of "con-
trol and engine monitoring" and therefore will be examined later in relation to the broader issues of

&health monitoring as applied to helicopter engines, see para. 4. Aspect (e) is essentially a total
aircraft function and therefore involves additional information about specific airframe parameters;
to accept this as a candidate for automatic monitoring involves an extension to a total aircraft L-ni-
toring approach. Function (f) requires a limited amount of engine performance information but other-
wise may be considered as directly influenced by the prime function (a).

3.2 Future Form of Control Interface

W. The logical consequences of an electrical control approach is that control information between the
pilot and the engine should be transferred in the form of electrical signals. To maintain control
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integrity a backup path for control demands must also be provided: this could take the form of the
traditional mechanical solution but it is considered that an alternative offering adequate integrity
together with reduced pilot workload would also be by independent discrete electrical signals. The
resultant system has many installational and operational advantages, its main disadvantage being a
deep-rooted suspicion in the minds of many people that in the event of a major problem the electrical
wire would let them down.

There is no real answer to this except to say that if a whole aircraft can be designed around a fly-
by-wire concept then the small step of engine control-by-wire should appea- relatively trivial. An-
other "anti" lobby argues the potential effects of electromagnetic interference: there is no doubt
you have to be careful here but in 3 million hours of Rolls-Royce Gnome engine operation in civil and
military helicopters with full authority electrical control (admittedly not digital) there has not been
one instance of this sort of problem - and with long airframe leads carrying relatively low level
transducer signal.. The Gnome in its military role has operated perfectly safely off the decks of
airclafh carriers carrying extremely powerful radar and radio systems. The still sceptical reader
should also note two further facts about the Gnome control, firstly it draws power from the aircraft
bus only and secondly in one civil application it was not considered necessary to include reversion
at all - FIGURE 2,

FIGURE 2 - WESTLAND WESSEX (FLY-BY-WIRE
ENGINE CONTROL)

Assuming then that engine control is by el~ctrical signals and that these signals are comnanding the
engine through a digital control system, a panel for a twin engined helicopter as shown diagrammatic-
ally in Figure 3 can be envisaged.

[O] 7 F[ONG1 FLYf SEAj 1i8
EN_ _ IN 2TR O M F N R fLIN E ( EN I E_ E I O T R

FLIGHT

QmLUcT FMJU

FIGURE 3 -FUTURE FORM OF CONTROL INTERFACE (TWIN ENGINED HELICOPTER)

The operation of the control panel would be as follows:-

3.2.1 Computer On-Off Select

The digital control requires a 28V power supply which must be selectable on or off for:-

(a) Ground check purposes,

(b) control below ground idle conditions, assuming an efficiently sized self powered generator is
tfitted,

(c) direct pilot control of the engine, assuming this is an electrical rather than a mechanical
system, and

(d) as a back-up supply in the event of a self generated power failure.

63
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3.2.2 Computer Pre-Flight Check Select

This is to allow a "go - no go" test of the control prior to engine start as an additional check to
the normal in-flight self monitoring routine to check out normally dormant engine controls such as
frc. turbine overspeed. The pre-flight check should not require any ground test equipment.

3.2.3 Engine Start/Ground Idle Select

Preferred engine start procedures may involve pre-selection of ground idling conditions and then
initiation of engine start via the appropriate starter and ignition switches.

There may be some advantages in integrating the engine control with aircraft starter and ignition
circuits to provide a simpler engine start procedure.

3.2.4 Flight Select

The transition from ground idle to the flight condition (i.e. governed at or near 1OO% speed) could,
in isolation from consideration of aircraft rotor cheracteristics, be controlled automatically on
pilot selection of the flight mode. The transition could be made to a schedule coabining any of the
parameters existing within the computer. An automatic transition would be applicable to the engine
not associated with running up the aircraft rotor.

For the engine controlling the rotor run-up full pilot control of the rotor speed at all times is
considered essential. Associated with each engine should therefore be a "fly" select control for
automatic transition from ground idle to NF governing, but for the rotor run-up engine operation
during the transition should be via an effective rotor speed control lever.

Where a separate accessory driving mode is required, a logic interl*nk between the engine controls
and th- qelectable freewheel is proposed to replace the conventional condition lever microswitches
to provide a simple safe selection procedure. The logic would require acceptable levels of speed
signals before enabling freewheel actuation.

3.2.5 Reversionary Control Select

The optimum arrangement for direct pilot control of the engine is considered to be where each engine
control system is designed to fail frozen and to warn the pilot that a fault condition exists. The
options then open to the pilot are to leave the engine in the frozen state and rely on the power
modulation available from the "good" engine for rotor speed control, to shut the failed er.bne down
or to reset the power level of the frozen engine. Such a reset of the engine condition may be done
most conveniently through a beeper switch arrangewent, preferably on the collective pitch lever.

3.2.6 Sh- Down Select

It must be possible for the pilot to select shut down from any operating condition though normally
shut down would only be iniLiaced from ground idle. Two separate means of shutting off the engine
fuel flow should be provided in the engine fuel delivery lines for fire zone precautions.

3.2.7 Super Contingency Select

A "super contingency select" facility could be required in some cases, the intention being to allow
the pilot to raise the normal contingency limits restricting engine power to higher levels for emer-
gency use in the aircraft. A single manual selection of super contingency for all engines is assumed;
it is worth noting that the initiation of the condition could be automatic, using perhaps an aircraft
low rotor speed signal.

3.3 Monitoring Interface

Provided that the power plant is perfectly healthy, that it is being operated within its cleared
limits and is not within a time restricted domain, the pilot does not need to know any information on
engine conditions at all. At other times, the pilot is a very inefficient engine monitor, particularly
under failure conditions where the odds are he is not looking at the relevant instrument(s) at the
instant of the fault developing and relies on training and instinct to do the right thing. It is more
likely that he will detect faults by physically sensing a change in his enironment or by his atten-
tion having been attracted by warning lights etc. A recent incident has even demonstrated that given
an adequate power margin and a sufficiently responsive good engine, he may not even notice such a
major event as a complete engine flame out. Peihaps as a monitor of gradual change the pilot is more
effective, but unless the situation is relatively straightforward (such as slowly falling oil pressure)
the likelihood is that his decisions as to actions to take may not be arrived at easily - which implies
a high diagnostic workload

It has been mentioned already that the digital control can aid the pilot by carrying out some limsited
monitoring functions since it uses similar engine information to that displayed to the pilot. This
is the point where control functions and functions previously restricted to "engine health monitoriig"
systems begin to be seen as overlapping. The form of the interface here is less contentious than that
for the control - surely simple lights are acceptable? It is envisaged that fault conditions nAL r --
quiring immediate pilot action would be indicated by an amber warning with further information avi-
able through an automatic display facility. The more serious faults would be signalled by i red
warning on a central warning panel, with unambiguous indication of what the fault was.

The extent to which additional hardware beyond that needed for the control task is reqxlart,, t, t .he
monitoring depends on the power of the basic computer, the parameters used for contr,,i %i- tlc con-

k,. . .. . . . . . . . . . . . . . . . . .
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figuration of the interface. If the task is accepted from the outset -hen the system can be designed

to be compatible with the following monitoring without significant penalty:-

3.3.1 Control Monitoring

As part of a normal self checking routine the computer would essentially monitor all the control
system equipment and should detect system faults (e.g. loss of a control signal or a faulty drive
motor) as well as faults within itself. Not all of these faults will necessitate losing the whole
system, for example, loss of a thermocouple used for a temperature limiting function need not affect
the normal operation of the control.

3.3.2 Limit Exceedence

Engine ratings are determined by speed, temperature, torque (power) etc., levels beyond which engine
operation is time restricted for lifing and certification reasons. The observance of ratings below
maximum contingency is generally a pilot function and can involve a significant workload since under
different ambient conditions different parameters may be the rating limiting feature. For example
an engine which may be temperature limited "hot and high" may be speed limited at sea level ISA and
may be torque limited under cold conditions. For this reason, and the fact that time may be very
important and therefore high powers may be demanded to accomplish the mission quickly irrespective of
engine or even airframe limitations, strict observance of limits may be rather neglected. No monitor-
ing system can prevent purposeful misuse of course, but unintentional exceedence (f limits can be
reduced by improving the monitoring. The exceedence of rating conditions can simply be determined by
the control computer by a suitable programme addition and the information relayed to the pilot in an
unambiguous manner by annunciator lights, with usage of the engine being appropriately recorded.

Other engine limits such as vibration levels, oil pressures and oil temperatures can also be monitored
by the computer and an indication given of limit exceedence. These parameters would require an exten-
sion of the computer hardware and, in the case of vibration monitoring, probably external transducer
processing.

3.3.3 Engine Failure

Although the prime requirement here is to detect run down situations, the control cannot really be
ralied on for this since many of these faults may be caused by the control itself. It is possible
however, to provide limited failure warning indication via the control computer by detecting such
fault conditions as:-

(a) Excessive temperature for, a given speed

(b) low engine power at a given temperature

(c) mismatch between spool speeds ona multi-shaft engine

(d) unusual response during transient conditions, e.g. inconsistent rates of change of speed,
temperature and torque with fuel flow change.

3.3.4 Engine Usage

As a background task for the control compuger, a monitor of critical engine usage (low cycle fatigue,
high cycle fatigue and creep life) can be provided with data storage for subsequent readout. The
definition of how these parameters are derived is beyond the scope of this paper, but apart from
being of interest to engine stressmen, engine usage monitoring can pay dividends in cost o' ownership
terms. Ultimately engines may be released without lives as such - overhauls being undertaken as and
when necessary as judged by the usage of th? fatigue cycles of critical components. Whereas a reason-
able basis exists for such life assessment on fixed wing scheduled airline services, using the opera-
tional pattern of the aircraft, helicopters have no similarly predictable characteristics and bearing
in mind the virtual impossibility of pilot evaluation of the fatigue cycles then an automatic monitor-
ing system here would certainly be vorthwhile.

3.4 Future Form of Mouitorina Interface

The pushbutton control interface described in pare. 3.2 and shown on Figure 3 can be extended to in-
clude the monitoring performed by the basic control as shown on Figure 4. The annunciation of control
faults is via a red warning of "freeze" on the warning panel (or of "fail" if a rundown situation
exists) together with an amber on the control panel for degraded control faults. Limit exceedence
monitoring is indicated by amber rating lights on the control panel: other parameters quch as vibra-
tion exceedence would require an extension to the indicating system. The limited engine failure de-
tection capability of the control would also signal the pilot through the red "fail" on the warning
panel.

To obtain engine usage information from the control would require either ground based test equipment
or some form of built-in interrogation arrangement. This latter represents a significant addition to
the monitoring system which really becomes attractive only when its capabilities are utilised for more
than usage information readout.
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FIGURE 4 - CONTROL + LIMITED MONITORING INTERFACE (TWIN ENGINED HELICOPTER)

3.5 Extended Capability Control/Monitoring Interface

Figure 5 shows a functional form of interface not only allowing readout of monitoring data but also
entry of data for both control and monitoring purposes. It should be emphasised that Figure 5 is
diagrammatic only and that the actual form of the console would need to be designed to be compatible
with the overall cockpit. A simpler arrangement restricting the number of pushbuttons on the facia
could well be feasible, es could more advanced display systems such as cathode ray tubes. These
latter would allow the simultaneous display of several different parameters in digital, analogue or
even graphical form, the actual display depending on the monitoring function.

DATA VALUE

I I I I I I I I I I I

E]L]J]DATA F-1
FO-N @ FAULT [ -

DISPLAY ENGINE d

FIGURE 5 - ADDITIONAL CONTROL/MDNITORING INTERFACE

The readout capability can make available on interrogation recorded usage data and also diagnostic
information following the detection by the control computer of fault conditions. In addition pilot
cues for system checkout could be provided, as could an accurate readout of the value of a number of
selected parameters (speeds etc.) if required.

Although the use of digital techniques overcomes to a large extent the necessity for external adjust-
ments of offset, datum drift etc., there may still be the necessity, to set up the control to match
specit>

- 
engine or aircraft characteristics. The accessibility reqajred of these adjustments and the

for- they should take may be the subject of considerable debate, but it is corsidered that the data
recovery facility would communicate with the engine control computer via a Oata highway and therefore
the addition of limited authority adjustments to the control may be implemented using the same high-
way and a data entry panel.

The general configuration of the interface can now be seen as capable of allowing detailed information
to be output from a more comprehensive system dedicated to monitoring the overall engine health and
performing some general aircraft management functions. Such a total aircraft health monitoring system

can have many important benefits both to the pilot, the ground crew, and last but by no means least,
the aircraft operator.

4. TOTAL AIRCRAFT HEALTH MONITORING SYSTEM

Though possibly only part of an even more comprehensive aircraft system, the scope of this paper only

allows tnsideration of essentially the engine - related features of an aircraft health monitoring arrange-
ment. The objectives here can be stated as:-

- Reduction of operating costs by providing the ground crew with appropriate data to take timely mainte-
nance action, avoiding unnecrssary work.
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- Improvement of engine operating lives by accurately monitoring cumulative damage to
critical components.

- Reduction in aircraft downtime by assisting in the diagnLosis of engine and control malfunctions,
including those caused by engine mechanical or aerodynamic deterioration.

- Reduction of pilot workload in flight by automatic monitoring of the engine and its control.

- Enhancement of tha mission capabilities of the aircraft by providing pilot data relating
to aircraft/engine performance on a "need to know" basis.

Not all operators would require or at least would be prepared to pay for such comprehensive capabilities
and therefore to ac.ieve the various levels of monitoring appropriate to each customer a modular system
is dsirable. We have seen that when engines are fitted with digital control some levels of monitoring can
be incorporated within the basic control unit. As the complexity of health monitoring is increased, a point
will be reached where it is more beneficial to acquire the data and output it for processing separately.
The detail configuration of the total system must be a compromise between engineering and commercial press-
ures, and this is where the advantages of the integrated control and monitoring approach become most apparent
since completely separate control and monitoring systems implies some duplication of both function and hard-
ware. A certain amount of this may be inevitable to achieve the right levels of integrity but there are
areas (such as the cockpit interface) where the two systems naturally come together and where integration
can be more cost effective.

The total health monitoring system is therefore envisaged as the basic digital control computers performing
limited monitoring tasks as described and communicating information to the pilot via the monitoring inter-
face, together with microprocessor based data acquisition units providing information to a separate health
monitoring central processing unit (CPU) which also zommun'cates with the pilot through the interface.
Figure 6 slo.ws diagrammatically the system configuration: the control systems may be considered as operating
in parallel with the data acquisition units and providing additional data to them.

A.UA.

DUPLEX SENSORS DRIVING CIP DATE DISPLAYPAI EL
PANEL ENTRY
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Et o. P FLIGHT/FUL MANAGEMENT

PARAMETER i.e. VLRC, RANGE, TIME REMAINING
INPUT LC.F.

:N. MUCREEP RAM ROM
IT

LIMIT EXCEEDANCE ICONTAINS

AND DATA I INCIDENT RECORDER
r-n (LIMIT EXCEEDANCE etc.)

MPU - MICRO-PROCESSOR SCAN CONTROL GROUND TEST PERFORMANCE TREND
EQUIPMENT VIBRATION TREND

ENGINEIAIRCRAFT USAGE DATA

FIGURE 6 - INTEGRATED TOTAL HEALTH MONITORING SYSTEM

With urgent tasks such as limit exceedence being undertaken by the digital control, tihe health monitoring
dedicated CPU can even out its logic and computation workload, thus allowing a modest size of unit which
can be maintained at a high utilisation level. The CPU would be connected to both engine and aircraft data
sources, the monitoring interface and a data silo using suitable data highways with the necessary isolation
for irtegricy.

Basic integricy of the system can be further assured using CPU self checking procedures similar to those
used for control, with a limited amount of duplicated processing for critical parameters carried out within
the digital control, This ensures retention of vital data in the ever.t of a system fault and also allows
the next logical stage in the evolution of the total health monitoring concept to be considered, namely -he
removal of current pilot's monitoring instrumentation altogether and the substitution of fully automatic
monitoring together with a display on demand of "essential" data. The operation of the total health monitor-
ing system against the objectives stated earlier would be as follows.

4.1 Maintenance Data for Ground Crew

Information concerning the engine behaviour since the last maintenance activity (general deterioration
and health, life usage, oil or fuel system maintenance etc.) can be recovered either from alterable
non-volatile read only memory uithin the system, using the cockpit data display for routine mainte-
nance, or from the data silo using ground based equipment in the event of a major problem.
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4.2 Engine Usag

Low cycle fatigue and, where relevant, high cycle fatigue ann creep life would be recorded and the
relevant information made available for scheduling of aircraft maintenance or operational activities.
Where on-going operation of the engine depends on the continuing accuracy of this data (i.e. the
engine is released on a usage basis rather than with a defined life in hours) then separate records
may be kept in the control computer and in the health monitoring CPU.

4.3 Engine Defect Diagnosis

Assuming no major engine malfunctions occur, any deterioration of performance or increase in vibra-
tior will be slow. It is therefore necessary to take sample trend data during each flight which would
be passed to the data silo. This will allow the ground station to look at trends over a long period
and ascertain when irregularities are occtrring. On-board processing of the information as a post-
flight task would be possible though incurring a hardware penalty. The subsequent display of meaning-
ful trend data from the processing would probably only be possible using a cathode ray tube di3play as a
pilot/ground crew interface.

Careful monitoring of trend patterns can often highlight a potential defect in the early stages, thus
aiding maintenance forward programning. For major faults, it is proposed that both che engine and the
aircraft data acquisition units continually pass data to a limited store in the data silo. This would
contain the last few seconds or minutes of the flight prior to the fault occurring as an Incident Re-
corder.

Mechanical condition of the engine would be monitored using separate tracking filter units to assess
each engine rotor out of balance. A vibration exceedence warning can be provided to the pilot, with
further information available on demand from the pilot or ground Lrew.

Aerodynamic deterioration of the engine may be considered a "Zault" situation only when it prevents
the aircraft performing its mission. It could be argued that what is really needed here is power mar-
gin measurement, assessing for the particular aircraft ccnditions how the predicted capabilities of
the specific engines compare with the aircraft power demands under both normal and engine failure con-
ditions. When a negative power margin exists it would be necessary to indicate a fault, with further
diagnostic data being then available through the stored trend information or is the Incident Recorder.
Power margin measurement ii more fully discussed in a later paragraph, togePner with its use as a
flying instrument rather than a fault indicator.

4.4 In-Flight Monitoring

The replacement of the pilot function of monitoring such paramer, rs as oil pressure and temperature
by a simple automatic routine within the total health monitori ,g system should now be seen as a re-
latively straight-forward step, even if certification requi'ements still dictate an additional separate
low oil pressure warning system., Control monitoring, lim;L exceedence, limited engine failure and
engine usage monitoring have also all been discussed prrviously: with a separate health monitoring
CPU and suitable transdi-er fit the system configuration should allow 100% engine health monitoring
(including full control and engine failure detection), with the capability of surviving a single fault
whilst retaining essential monitoring servicC3. Tc is therefore argued that the provision of cockpit
instruments is superfluous, their function beir- undertaken totally automatically. Again, the cathode
ray tube form of interface would allow a flex'ole display format with diagnostic data on engine con-
ditions visible immediately following detection of a fa'ilt or on demand by the pilot. Warning lights
as previcusly described could provide indpeadent fault/limit data in the event of the cathode ray
tube itself failing.

4.5 Enhancement of Aircraft Capabilities

The foregoing description of te general technical capabilities of a total health monitoring system
could be sumed up by saying that, apart from adding one or two functions, the system can do what is
currently done but very much better and with z much reduced pilot workload. Under some circumstances
perhaps single pilot opeiation could become possible where before two were necessary, but in terms of
an enhancement of capabilities this mey not be seen as an overwhelming advantage. To an extent it
would seem to be the aircraft manufacturer's prerogative to use the system capabilities to extend mar-
ket appeal, but th- following are given as examples of what is possible.

4.5.1 Fuel Management

Whilst not strictly a health monizoring function more efficient aircraft fuel management can be obtained
without unrealistic pilot .orkloaa by monitoring fuel states, aircraft speeds and range. It is
assumed that a NAV-AIDS system can provide distance to base and vectored wind speed data, and that
Flight Manual standard data such as maximum and optimum sustained speed for a weight and aircraft
specitic range are stored in the program. From this data and engine fuel flows, Instantaneous Speci-
fic Range can be calculated. A final specific range can be calculated based on an all up weight (AUW)
with only reserve fuel. The average of these figures versus fuel content enables a calculation of
range: as this figure approaches distance to base, the pilot can be advised that he has only X minutes
before a return to base is necessary. This figure would also be available on demand at any point in
the sortie together with the optimum cruise speed.

4.5.2 Flight Instruments

It is claimed that there are two really essential aircraft flying instruments as'3ciated with the
engine, namely the power turbine/rotor speed indicator and the torquemeter - alt,,ough other engine
iistruments are currently provided as well (see para. 3.1). The case for a trqditional rotor speed
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4 gauge is probably irrefutable unless it is accepted that the information need only be presented on a
"need to know" basis, i.e. if the rotor or free turbine departs from its nominal value or range by

more than, say, 5%. It is doubtful if this "no news is good news" arrangement would really find ready
acceptance and therefore in qudstToning the form of the essential instrumentation we will confine our-
selves to the torquemeter only.

In a preceding paragraph reference to the use of an aerodynamic condition moni,:or as a fault diagnostic
aid was *made. In the context of an updated torquemeter display the monitor prcgram resident in thc
health monitor CPU would contain a program assessing the potential power curreitly available from the
engines and a prograim calculating the power required to fly the aircraft at the AUW and outside air
temperature of the day. The former program would search for suitable steady state performance data
and produce a matrix of power versus other parameters neead to define the aerodynamic state of the
engine. This matrix will be continually compared with an aeroaynamic model of the engine to perform
data verifications. Any genuine change in the engine state will show a proportional effect on a num-
ber of parameters: if only one parameter is shown to be excessively outside this pattern, a fault
warning will be generated. Once validated, this performance matrix will be used to update a data file
periodically, say every 2 minutes. The data file may be used to compute the sum of potential power
currently available from both engines or from the "worst" one. These figures can be directly compared
on a revised torquemeter with the power requirement for the aircraft calculated using Flight Manual
data or data derived from other on-board computation. The AUW figure would be input into the system
prior to take off and updated during the flight from data produced by the fuel management program.

It should be noted that a loss accurate version of this power margin indicator may be feasible with
the basic control computer only, which would be used to predict the engine maximum power capability
approximately. The torque indicator then uses the combined actual outpet torques from the engines to
provide an actual total torque indication on one needle. Where an individual engine torque exceeds
an aircraft limitation for the relevant number of engines operating, a warning of this may be given in
the form of an indicator light. The torque indicator also includes a second needle which denotes the
predicted maximum output torque capability of one or both engines. Thus in a high power condition
or where the loss of an engine could hazard the aircraft, the pilot will be able to assess from a
single indicator not only the totdl available torque margin but also the margin in an engine-out
situation.

5. DISCUSSION

This paper has not set out to describe any fundamentally new principles of control or ERM. What has
been attempted is to define those features of control and monitoring which can be seen to have a close relat-
ionship, particularly where both aspects employ digital technology. By doing this, it has been argued that
control and EHM can logically be integrated. This in turn implies that the total system capability and cost
effectiveness is improved if it is recognised from the start that such an inte tation is possible, in that
the control and EI4 components of the system can be designed to be complementary to each other with dupli-
cation only where necessary for integrity. The approach allows the development of a modular EHM system,
with basic functions available with the digital control by relatively minor extensions to its capabilities.
The paper suggests that the advent of digital control should transform the interface between the pilot and
his power plants: Figure 7 buiLmarises this new interface.
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Certain features of the interface suggested may be considered as controversial, such as the fly-by-wire
control arrangement. The intention is to show what is possible if a sufficient determination exists to
exploit the capabilities of digital systems. The trend in sophisticated military aircraft is certainly
towards total fly-by-wire with the power plant seen as a sub-system addressed from a centralised digital
data highway. It is suggested that this approach will eventually spread to helicopters, to reduce the pilot's
workload in flight and to make most efficient overall use of the aircraft. In any event, why should the man/
machine interface not be different? Perhaps mechanical levers do have a nice solid "feel" to them, but at
some point the motion of retal rods must be translated into the motion of electrons and why not at source?

Although there are references to the difficulties of pilots in performing many monitoring tasks, it is re-
cognised that helicopters have been flying very successfully for many years and therefore they undeniably
have acquired adequate proficiency at it. However, piloting a helicopter is only a means to an end and there
is little virtue in making the job more difficult than it need be. This is really why it is suggested that
the total man/machine interface should be reconfigured, to allow a better monitoring job to be carried out
automatically. Digital technology allows this to be done, and the resulting system capability is vastly
superior in total aircraft health monitoring to the present "eyeball" arrangement.

Inherent in much of the foregoing is an acceptance by certification authorities of the approach taken. This
paper is by no means a detailed system definition and much design work would need to be done to configure the
system such that all operational and failure criteria are satisfied. It is believed that it could be easier
to satisfy civil agencies on the system design than some military procurement authorities which specify how
a job shall oe done rather than what end result is required.

The technology to achieve the integrated system proposed basically exists. Rolls-Royce are currently in-
volved in the design and development of digital controls for helicopter engines which could form part of
such a system. Parallel EHM programnes are also in progress within Rolls-Royce aimed at full understanding
of the technology, developing the software necessary to derive meaningful EHM data from helicopter engines
in flight and also developing sone of the necessary hardware. Significant experience has been gained in
on-board digital data acquisition and with subsequent processing of data to produce engine usage and condi-
tion read-out.

The question arises as to whether any but the most complex helicopters could be fitted with such an integra-
ted system from the cost viewpoint alone. The answeL probably depends on the aircraft manufacturer's atti-
tudes towards first cost and life cycle cost issues. Certainly the first cost is significantly higher and
if this is seen as the overriding consideration then the answer is self evident although there would be
some associated reduction in the aircraft costs due to installation and instrumentation savings. If, how-
ever, the cost of ownership is seen as more important then such a system must have major advantages. It is,
however, difficult to quantify these until -he detail design of the system has been completed and costed and
the benefits defined in terms of maintenance reduction and aircraft utilisation improvements. Some of the
benefits are less tangible, for example a lower pilot workload which could lead to improved flight safety
is not likely to have any attributed cost savings.

Another major difficulty in achieving further progress towards a 3ystem having the capabilities described in
this paper is that it requires a number of different design and procurement areas of the aircraft to be
embraced. Agreement must be reached between all interested parties as to overall requirements and system
configuration: it is hoped that this paper will provide the basis for further discussions within both the
engine and the aircraft industries.

REFERENCE I "Helicopter Engine Control - The past 20 years and the next" by E.A. Simonis and
M P Perks

(Paper presented at 44th AGARD Propulsion and Energetics Panel meeting on Power
Plant Controls for Aero Gas Turbines held at Ustaoset, Norway in September 1974).
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DISCUSSION

R.Smyth, Ge
Pilot workload. This is a comment to the speaker's remarks on reduction in workload in the cockpit.
The application of microprocessors for improving engine control must also include the external control loop of the

installed engines (i.e. the control loop with the pilot monitoring engine condition). Present workload of the pilot is
quite high. This can be seen by the evidence of the engine operating hand books, which are getting thicker instead
of becoming thinner. Here is an area where efficient use of the microprocessor must be seen in the subject of engine
control.

Author's Reply
This is one of the important points of the paper. We have heard a lot about how digital control offers the control
engineer the capability of advanced control laws etc. We must not forget however that there is a man somewhere in
the aircraft and %e ought to address ourselves to the task of making life easier for him. Digital technology allows
this to be done and the paper suggests a way of taking advantage of the technology from the pilot's and operator's
viewpoints as well.

R.D.Matulka, US
What is the state of development of an integrated system such as the one you describe

Author's Reply
The control features of the system have essentially been demonstrated, including the push button engine control
aspects. Both the software and hardware aspects of many of the health monitoring features are under development
in a flying test bed, with off-line monitoring via data acquisition units an already developed concept.

The totally integrated arrangement described is however at this time conceptual only.

I~lii iIiII nI l IIiIlI IiIII IiIII l
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ROUND TABLE DISCUSSION

E.E.Covert: What we propose to do in the remaining time until 4 o'clock, I have asked members of the Panel

Dr Dunham NGTE UK
W.Kaemmer VDO Germany

J.Colln SNECMA France
Dr Bentz Air Force USA

to give us about a 5 minutes presentation to define what they believe the principle issues are in the area of modern control
technology, and whether the evolution is in the correct direction. Finally, since all of us have heard so much about
modern control technology for the past 10 years and we who are here believe firmly in it, I asked them why in their
opinion modern control systems are not being installed on aircraft, helicopters and so forth.

Without further delay let us go from my left to the right and,. I will be rude John, but at the end of 5 minutes I will
interrupt you because time is at a premium.

J.Dunham: I don't represent any other than my own view here, I aoi not in any way representing the UK consensus view
on what we should be doing about aero engine controls. For one thing, there are lots of other people from the UK here
who can well represent themselves: and for another thing there is no such thing as a consensus of views between a group
of control system people as to what we should be doing and how we should be doing it. I think that is one good reason
for having a PEP meeting on the subject. If thei- were nothing to disagree about, there would be nothing to talk about
perhaps. So I will concentrate on the disagreements, because obviously there are many aspects of control system develop-
ment that we all agree on. But there are a number of significant problems that haven't yet been sorted out by experience
into an agreed answer.

One of the things that is still a matter of debate is the level and type of redundancy which is necessary for any of the
systems, that we have been talking about, because there is a conflict with reliability I think this is best expressed by the
no-doubt-apocryphal tale of the famous French aviator llkriot when lie was about to cross the Channel for the first time
in ts aircraft in 1909. Somebody said "You have only a single-engined aircraft. Why don't you have two eng~nes: it
would be a bit safer?" And he said, "Two of the wretched things? I have enough trouble keeping one of them going!"
Well, that is really, in a nutshell, the problem that we face in deciding redundancy levels. There are supervisory systems,
there are manual reversion systems, there are single lane systems, there are electronic reversion systems. This is one of
the problems that remains a subject of controversy between different people.

The second question that remains to be resolved is the matter of central or distributed control functions. There are
people who say that if you have a modular system then it can be safer and it can be demonstrated to be safer to our
certificating authorities. To some extent that is not just modular programming but hardware modules :is well, and this
militates against any sort of central system. But we have al-, en some papers this week suggesting that there should be
grand central systems controlling a large number of functions. This again remains to be resolved, I think by experience.

A third question is related and amounts to the question that I asked this morning about the division of functions
oetween the autopilot and the engine controller. Which part of thc system is responsible for wt'at, in an aircraft which
has a large number of flight control systems and other electronic devices on board?

The fourth question which struck me as one which still remains to be resolved is the question as where to put the
controller box, engine mounting or aim frame mounting. It is clear that any one box is going to last longer and be !ot
cheaper if it is mounted in the airframe.

On the other hand, if there are a lot of sensors or any other connections to the engme, then studies have
demonstrated that it is better to mount the electronics on the engine and accept the extra weight and cost involved in
making it withstand the environment.

Another problem that remains to be resolved is the use of tngh level languages or otherwise. Ilerc again it is a
problem of visibility an d a problem perhaps of compilers. At the moment there is no great problem, because there are
no adequately proven compilers for the microprocessors we use. But there will be in the coming years a problem in the
use of high level languages oi otherwise in engine control.

There are some future ptobleis that we must also consider. One of them is the question of multiple variables,
because there is a tendency to have engines with more variables Tile question has already been asked, and not received a
satisfactory answer, as to whether the use of modern multi-Nariable control tiieor will or will not give us a real advantage

Personally, my feelings about the meeting was that w," are still in that state of technology where we inevitably had a
gieat number of qualitative papers, and not as man quantitative results as perhaps I would have hoped. Thank you

W.Kaemmner" I have a problem, I can't be as good as you were and you haN s already been talking about many of the
subjects I found dumng the session and so let me sunimarize and possibly even shorten. I think that whilst we heard quite
a variety of broc;iures to my understanding. and I hate to emphas|he it's my own personal understanding. wilth all the
possibilit 3 given by the modern electronics we still hat e to solve the problem of the sensor side of it And I :;ink it's
a chiallenge of the next years. vte will certainly okermooe thme problems described in the papers but we certainly will have
to work hard to overcome the problems of the sensors And to my understanding it' the vital question. The second one.
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you already have mentioned it, it is certainly to be decided, if we go to modular systems or modular in the sense of

divided authorities or if we go to central systems. And one of my collcqgues of VFW earlier has possibly asked the most
vital question. In my understanding it is the question of the man-machine relationship We have been looking into a
cockpit of a convetional helicopter and we all know what is the task of the plot during rather hard manoeuvres and I
think the only profit we can give to those hard working guys, is to give them the tools which are already available as far

4as those papers are concerned we have been looking at, that they cz.n achieve their tasks easier and by easing their tasks
I: make flying even safer than it is today. I think this is the summarizing I can do from this and the wishes I have in the

direction of this panel.

C.E.Bentz: By way of introduction. I come from the Air Force Aero Propulsion Laboratory. It is not immediately

obvious to everyone that wt, in the propulsion ;ommunity are in a change fiom basic hydromcchanical to sophisticated
electronic computation for our engine fuel controllers. This is a rather rapid change when you consider that 10 years ago
we depended almost entirely ui, hydromechanical computation in all our fuel control systems Today ve have talked
about having electronic controls on turbine engines when, in fact, many electronic controls are currently in operational
service on an Air Force high-performance engine and we arc now just beginning to learn important information from its
usage and performance in the field. The most signifi.ant factor that influenced the selection of an electronic control for
the engine was the envelope in which the airplane was to fly. And I can't help but detect from the discussions today that
we, as a control community and possibly the engine commUnity, are frustrated if not discouraged because of the limited
opportunities for application of electronic controllers in current and future military anti commercial systems I must say
thai it takes approximately 15 years of research, engineering and acquisition development before an engine enters
operational service so have patience. On the other hand, the airframe from initial design to first flight may take five
years. So we must dedicate ourselves to continue our research and development activity to acquire sufficient background
data to meet the reliability and cost goals of future engine applications. And along these lines, we must look for methodo-
logies in which we can ensure the design, development and qualification of the most highly reliable system in tens of
the engine-mounted hardware or off-engine mounted hardware that can be attained for that particular time period in
technology. Let me explain what is meant by this statement If we are influenced by the design requirements of the air-
frame industry,, then two or three computers would be assigned to control ,ach engine to achieve overall system reliabilit,
goals. From a hardware viewpoint, this may not appear to be cost effective in that the cost of the engine control system
increases two- or three-fold. In addition, a software management problem may result during the service life of the engine
if the engine manufacturer does not maintain total responsibility for the on-engine or off-engine mounted electronic
control hardware, especially in the area of tault acommodation modes for full-authority electroni, controllers So in the
next few years, I see a great need in obtaining research and development experience on engines to design and develop
c ontrol systems that will accommodate faults within the software as well as within the hardware to meet the future need
of having control system reliability which is as good as or better than the hydroinechanical control systems which the
electronic systems will replace.

One of the main advantages of the all-digital electronic control sy sit in is the abilit to integrate engine components
to higher levels of performance through more precise control. Ilence, better fuel economy and better stability margin
can be achieved both in supersonic as well as in subsonic flight. Several years ago, we conducted some research flight
tests on a high-performance aircraft and found thit a closed loop e!etctronic fuel control could inprome aircraft range by
1 percent during augmented operation. Using the electronic control to implement the bill-of-material control design, we
could increase the altitude at which the engine could relight the augmentor by as much as 5,000 ft Another important
feature is that we could operate and relight the engine at lower Mach number, higher altitude conditions because the
electronic system would autoliatcAlly take over anrd iestart the engine oil spool down So there are many advantages
that .an be achieved with a digital control so %c must have patience and perseverance during these trying times of limited
research budgets and fewer engine programs when there is not enough money to support or sutain the important work
that must be accomplished.

J.Collin. La plupart des points importants on 6te trait~s par rtes collegues, je voudrais quand uime ajouter que quels
que soient les progres de la tclinologIc, l'lctronique tombera t)ujours en panne, qu'i onv icidra de definir in1thodique-
ment et systenmatiquement des arc.hitectures qui tiLndront comptc de cc facteur ct dants ces conditions l. en acceptant
les contrauntes resultant de 'existence mn2ie de ces pannes, on pourra obtenir au niveau de syst~mes piopulsifs des
niveaux de perfonriance, des nliveaux de succes de mission, dcs niveaux de svicurlt de mission extremenent ileves La
plupart des points oil etc traites, je vais ois poser des questions. J'aurais alie \olr abord& pendant ces sessions le

probleme de Ii documentation ties logitielles. .onmlent &.crine one dotulentation1 logitiellt accessible a l'utilisateur Je
lie repondrai pas a ces question.je les pose Un deuxlMein ei6nient con.erne la standardization des logitielles. !orsqu'll
utLIsateur doit disposer d'un av ion avec 10 ty pes ie nicro-processeurs, ou 15 ty pes ie micro-processeurs a, ,.Int chacun
leur logitielle, leur conpilateur, etc. comment v a-t-il se sortir de ce probleme" N'y a t-il pas lieu d'ent,.,,gti Line
norniahisation Lint au nlseau des logitielles itle ties inatriels J'ai note galeclnt qtu'un ties orateurs a parlk de liruuts a
tres haut niveau d'integration tie circuitS VLSI. Lst-ce qu'on connait exac.telnent lcur .oinplurt.incnt dans I'enmsironne-
ment physique du inotur .st e LoL'on a bien con,,OiSLe:tnc par c salnple que les menloires soot seilsibles au\ radiations

reslduelles Lie leur boitier d'encapsulatlon L-st qu'on salt tester les circuits VLSI Lst cc qu'on salt tester les
coinpiaeUrs die haut niv~ea Lncore deus\ questions qui sonlt c11Ore plus5 t-Nv jale. est cc qoe les families vie Luilosmits
sont effec.tivemen toutes disponibls dlans la pleie gaime l tihtaire. avi moms en 55 plus 125 degrds et asec des crit(re,
de devermuia e et dliis des ns eaux a haute Iiabdite, alors qv,'ll semnblleIW les tabriL rots ie seiU- onducteurs s'interessent
plutot au mnarche tie 1, machine a laser et It l oautoblle qu'au niarche die I'd lonILQUC IlU represente vine Laublc part ie

4 lckur production Ln ce tL1 Loncerne lea Louts. ictix e ll 1Oil ionl 1pare Ic cOtW ptentel d'Lvn regulateur electroniquc

' -
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au coiit d'une calculatrice de poche, on risque d'avoir quelques disappointements et en particulier aujourd'hui il y a un
faclcur de cofit extr~mement important, c'est le cofit des interfaces analogiques d'entr~e et des interfaces de sorties qui
peurront peut- tre - bien que la nature soit analogique - tre r~solu par la mise en place de capteurs et d'actuateurs
,daptds. J'en ai termin6 avec mes questions, j'esp~re que lors d'un prochain congr~s AGARD, j'aurai une r~ponse ,t toutes

ces questions. Merci.

E.E.Covert: Thank you. I hope you all will not be too disappointed if you don't get all those answers. I think I would
like to make one or two comments I will restrict myself if I may to some of the experience with the space shuttle which
was not illustrated in the presentation yesterday morning. I think that there are features and consquences of that auto-
matic control system that are not widely appreciated. One of which is that to develop a 50 000 seconds life on a large
rocket with only 15 development engines is something which is unheard of. The experience with tI e development of
the Apollo-Programme at the same point would require somewhere, if my memory is correct, in the neighbourhood of
about 45 or 50 builds. Money has been saved simply by ha',ing a controller that is so quick that it can detect a difficulty
and shut down the engine before the failure takes place. This alone is very impressive Now it is even more impressive
when you recognise that that engine is burning a thousand pounds a second of hydrogen and oxygen so there is no
such a thing as a minor fire. Under those circumstances even a trivial mistake is spectacular. A second thing that the
system has been able to do is to be reprogrammed to shape the motion of the valves during starting and stopping. NASA
and its contractors have effectively eliminated all of the hot spikes by making sure that the system Is oxygen lean at start
and shut down. This change also increases the life of the engine and increases the reliability. It also illustrates the
flexibility that a digital system gives you. You don't have to bend any tin in order to make a change. you just
reprogramme a card.

I could go on at gieat length but this would get boring after a while, so I stop here and throw the discussion open
to the floor. Anyone of the people on the platform is fair game, I would appreciate it if you would address your
question to one of them and not afford me the opportunity to try to decide who you want to answer your question. So
go ahead please.

D.M.Griffiths: None of the panel mentioned the lack of firm projects as a contributing factor in the tailure of digital
controls yet to achieve production status. This may be more true in Europe rather than in North America.

Would the panel agree and would a panel member from Europe care to comment? (Which excuses the Chairman!)

J.Du han: Yes, I think many of us have been sayinv we will have a digital control on our next engine When is our
next engine? Of course, you are perfectly right in saying that we haven't got digital control committed to an engine
because the last engine we committed was now some years ago.

E.E.Covert. There is a lot of talk about a 1990's fighter, if Dr Bentz's discussion of 15 years to an engine bears any truth
at all it seems to me that they better get on the stick, if I might use that expression. Do you think that is going to
happen? A 1990's fighter is going to be laid down?

J.Dunham: Yes.

E.E.Covert: Is there evidence that the engine is about to be started to that?

J.Dunham' I don't know whether it will be a new engine. Obviously one does not know at this stage whether these
fighters either in dhe US or in Europe will have existing engines or new engines. But what we are living in hope and
indeed conviction about is that, whether it is anl old one or a new one, it will have a digital control box on it.

I.S.D Stitt: Keyword Projects. Mr Bentz outlined the advantages that can be achieved with electronit, controls. Would
he care to comment oil whethe: these advantages would be achieved by retrofitting the controls on existing engines and
whether this would be cost ettective

C.E.Bentz: Yes, there would be advantages in engine performance and in operational and support costs in retrofitting
controls on existing engines, howe, , the cost is strictly prohibitive to go back and requalify an electronic control for
an in-serviLe engine, plus the cost ail. logistics of reconfiguring ev ery engine control in a timely nanner. It is barely
enough money to build a new engine with an electronic co-trol Of course, you can estimate the advantages of an
electronic control systen, but it is hard to prove it to anybody with service experience. There are certainly advantages
in fuel savings and improved thrust performance with an electronic control system. but the cost would be prohibitive to
go back and retrofit every engine with an electronic box.

G.E.Davies' We have heard many interesting papers in the last two days shiovwin,_ the great power and versatility of digital
control systems Most of these covered work on existing engines where the original control system was replaced by a
digital sy stein We hav e also heard in one or two papers a suggestion that engiies nght be made more efficient by
reducing the number of compressoi stages, for example, and Usilng digital techniques to run much closer to surge than is
possible at present My question is , general one and is this Will we 11ae ttle courage in the next engines to be designed
to make them irresocably dependent ol the fuli capability of digital .ontrol systems by designing them to vsork inu.h
closer to all the performance and stability llnits"



RTD-4

C.E.Bentz: Every new engine that we are looking at have components that are more highly loaded than before and are
considering full-authority, digital controllers to better regulate the engine throughout its operational envelope.
Because we are designing for greater performance and maintainability in future engines, we are also including diagnostic
functions in the control to detect control malfunctions and monitor engine component degradations.

E.E.Covert: One quick question. You talk about electronic controls, are you talking about a system in which the loop is
always closed?

C.E.Bentz: Yes.

E.E.Covert: It was not clear to me in some of the discussions that we have had in the last few days, whether an electronic
system was an open loop or closed loop system, and I believe the advantages of a closed loop are so great that it would not
be wise to think much longer about open loop systems.

J.l)unham: I was going to say something quite similar. We cannot utilize a reduced surge margin at the moment in
controls based on fuel scheduling, because of engine deterioration and engine inlet distortion problems and so on. The
only way we could really guarantee being able to run with a much reduced surge margin and design for that initially
would be to have a closed loop. To have a closed loop you have to detect the incipient surge in some way. At the last
AGARI) controls meeting I presented a paper showing how you could have a closed loop control which will stop reheat
buzz; but you can't do this with surge. With some engines it has been demonstrated long ago, but we can't guarantee to
detect incipient surge on every engine in time to take action to avert it, and hence generate a closed loop. That is not a
digital control proolem, it's a problem of compressor technology.

J.F Evans: The reliability of high level compilers has been questioned. Does the panel think that is not similar to
doubting the quality of a component produced in an automatic milling machine? Evidently in either case the resulting
produ',t is harder to test. h both cases mistakes once made can be 'designed out' for future components.

J.Collin: It ne s"agissait pas d'opposer des panies de coinposants m6caniques sur lesquelles j'ai assez peo de donneaux
pannes de composants numiriques, mais je crois que l'introduction des circuits numeriques nous oblige prendre en
compte des pannes transitoires ou des pattern sensitives qui n'existent pas jusqu'" present dans les syst~mes analogiques
que nous utilisons.

D.J.Hawes: As environment has such an influence on reh,4bihity would it not be advantageous to the environment to be
specified by the engiihe manufacturer to the control vendor based on expected values in a specially designed mounting
rather than the "ad hoc" manipulation of MIL-Specs, and the alternative of airframe mounting with the associated
management problems. I believe that in future instead ofjust taking MIL-Spec, and guessing at some profile, would it not
be better if the engine manufacturer was to take the responsibility of providing the environment for the control system
just as it is now on the gearbox for example for highly mechanical control?

E.E.Covert: If l may say so, that is a very valid suggestion I know of at least one application in the United States, where
the situation was finally resolved by measuring the acceleration and the temperature and acoustic level at the equipment
location and designing the equipment to live in that environment. Of course, one must design a sort of test to ensure that
the environment could be duplicated in a laboratory and the equipmen! 'lotdld satisfy those requirements In this case it
was of utmost importance to be able to duplicate the engiiie environne,,t in the laboratory Before the latter step was
taken the equipment was not very satisfactory because even though it pa -v a all the other SPECs i: would not like happily
with the engine.

R.Lo:
(I) Shotuld th" implementation of CCU technology be integrated wv'h proper engine controllers? Will e.gine

control bring an additional dependency upon well working computers?

(2) Is tile onmunity aware of the effort at the University of Califor.ta to base eiigine health monitoring on
acoustical an-lysis of the engine noile? (it has been demonstrated thrit this is feasible and it stuely requires a
lot of data processing.)

C.E.Bentz: In cases that I have observed, the controller is much faster in response than any of the dynamics of the
rotating engine components The actuators, in some cases are limiting, especially those that move large loads. Tlhe
control strategies and the speed of the computer need to be looked at very carefully If you umplement a control design
on the basis of a single-input, single-output system using classical techniques. and you handle all the cross couplings of
a nulti-loop engine (3 loops. 4 loops, 5 loops and so on) you soon run out of cycle tUit- in the computer. In my
opnton, classical techniques can no longer be used to design controllers for future comi.lex engines where the ' is a high
degree of cross coupling and maintain adequate stability margin for the engine across the f! ght envelope. The'efore.
more advanced design techniques such as multi-variable strategies must be considered for engine control problems
where there are a large -umber f interactions

_ 4i.m mie mm a m m• m i o m ul n u



REPORT DOCUMENTATION PAGE

l.Recipient's Reference 2. Originator's Reference 3. Further Reference I 4.Security Classification
of Document

AGARD-CP-274 ISBN 92-835-0258-2 UNCLASSIFIED

5.Originator Advisory Group for Aerospace Research and Development
North Atlantic Treaty Organization
7 rue Ancelle, 92200 Neuilly sur Seine, France

6. Title
ADVANCED CONTROL SYSTEMS FOR
AIRCRAFT POWERPLANTS -'

7. Presented at
The Propulsion and Energetics Panel 54th(A) Specialists' Meeting, held at
DFVLR, Cologne, Germany, on I and 2 October 1979.

8. Author(s)/Editor(s) 9. Date

Various February 1980

10.Author's/Editor's Address ll.Pages

Various 236

12. Distribution Statement This document is distributed in accordance with AGARD

policies and regulations, which are outlined on the
Outside Back Covers of all AGARD publications.

13. Keywords/Descriptors

Control Systems Powerplants
Microprocessors Turbine Engines
Microcomputers Propulsion Systems
Computers

14.Atstract
'hese Conference Proceedings contain the 19 papers presented at the AGARD Propulsion and

Energetics Panel 54t h(A) Specialists' Meeting on 'Advanced Control Systems for Aircraft
Powerplants' which was held in Cologne, Germany, on 1-2 October 1979. The questions
and answers after the presentation of each paper as well as the R(,und Table Discussion at
the end of the meeting are included.

The Meeting was in five sessions: Development Experience, Control Implementation,
Optimium Control Strategies, Digital Control Concepts, and the Round Table Discussion

The meeting was focussed on current and projected developments in control systems for
aircraft powerplants. The application o' digital control technology on aircraft turbine
engines was especially emphasized. The meeting served as a platform for discussion and
exchange between research scientists, development specialists and applicants of control
systems.

Whether the meeting achieved its initial aim of furnishing a comprehensive control system
technology survey will be assessed in a Technical Evaluation Report to be published as
AGARD Advisory Report AR 152.



00 o o o ) .2o

0o 0o M 0

0 cl 0

.- C- o')
r- - LL. -

I- - -

0) z0 0
0)toO. 0 o~C

S 0 00 00-

0 V) C) (,I

0)Z:
z U Q) Ci

LU r.0 0- -oo

>) :z uHz 0 a

0.4U P 0 C9 ~ 0 " .

01 E

000

0 .2.20 0) o~

C-) o 0W a

*l 1)C-

N LL, L.

Hl -4 20 H
00 0z 00

20 00 2< < 0 00
C..0 E0 0

-- z

In 2H -0ZC-



- a ~ -:- ' --3 C; C

4' z wa~ ..

00> O a z

> >a

00 0

0 aO ) CDar
-0 -M D aa '

=. aD CDC . ;0'
CD CD n

0 . .
-a t na

CD n

(D naI

to -.

CD CD C) -- aDCDa

a 0 .-. 0 'a

0- -0 '
0- < (D a

aaD o.-
< (D

-e .~<

ao E3 a
CD . H.

o 0a. '

~ - oo
0a M

T 2.

> (, C=D 0. 0k
60 0

ra = -)= =aU

Q- t-) ut< aA OQ r-
ata R.- oo o~ a

LAaaa~.-a

0 Cc 00

< - 0 < . ID

2.D (D. a DCDA

- * 10 r- I

CD0 0 - 0v
_ (D ~

0 aa-'

< -

<~<
0 0<

C.~~ CD~-
~ ~ 2,

(Dh (D,~ -D
-o :-,a ,

CD ..0-
' ~LI 2. ~o



Diij AllNO
male~

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF

PAGES WHICH DO NOT
REPRODUCE LEGIBLY.


